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Abstract

The avsolute full-energy peak efficiency (€p) is an essential
parameter in work related to the determination of gamma-ray
intensities. & may be determined by means of radioactive
standard point sources with single or multiple gamma energies
covering the range ¢f interest. Cascade coincidence effects
may be avoided by counting point sources 15 c¢m or more from
the detector; however, the efficiency of actual samples
measured at positions closer to the detector may have to be
determined by means of standard sources of the same geometry
and with similar main components as the actual sample.

For n-type gamma-X detectors the situation is particularly
difficult. Even single gamma-ray standard sources useful for
calibration of p-type gamma-ray detectors cannot always be
assumed to be coincidence-free; this is due to the much higher
efficiency for X-rays, resulting in gamma-X coincidence ef-
fects when counting close to an n-type detector.

This work includes the study of combinations of cascade
coincidences ketween gamma-rays, X-rays, and 511 keV annihila-
tion radiation, as well as P-radiation and its associated
bremsstrahlung. The radionuclides ?’Na, %*Na, °Cr, *Mn, *'Co,
SQCO, esZn’ “Sr, ssY’ 1°9Cd, “JSn, 137Cs’ ”’Ce, ZOJHg, and 'am were
scrutinized for potential cascade coincidences, and practical
corrections were calculated.

A gamma-X detector with a relative efficiency of 35 % was
calibrated with these 15 nuclides in 1 cm’® aqueous solutions in
half-dram polyethylene containers at 7 distances, ranging from
0.88 cm to 17.5 cm, with and without a perspex P-absorber be-
tween the detector and sample. After correcting for coinciden-
ces, smooth Ep-curves were obtained for the energy range 12 to
2750 keV, even for _he position closest to the detector.
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Introduction

The absolute full-energy peak efficiency (€p) is an essential
parameter in work related to the determination of gamma-ray
intensities. This is also the case ir neutron activation ana-
lyses that rely on the absolute or k,-standardization methods.
€p may be determined by means of radioactive standard point
sources with single or multiple gamma energies covering the
range of interest. Cascade coincidence effects may be avoided
by counting at a distance greater than 15 cm from the detec-
tor. Under certain conditions the efficiency of actual samples
measured at positions closer to the detector may be evaluated
by a semiempirical method [1]. Often there is no way to calcu-
late the efficiency accurately, and the €p has to be deter-
mined by using standard sources with the same geometry and
main components as the actual sample.

For p-type gamma-ray detectors with an aluminium end-cap
and a dead-layer of germanium crystal facing the radioactive
sources, single gamma-line sources are useful for calibration
even close to the detector. Many such sources contain elec-
tron-capture nuclides, which decay to an excited level and
emit a cascade of low-energy K X-rays along with the gamma-
ray; in practice they are considered coincidence-free, because
the efficiency of such detectors at less than 50 keV drops
sharply with decreasing photon energy.

For n-type gamma-~X detectors the situation is different.

Even single gamma~ray standard sources cannot always be assum-



ed to be coincidence-free; this is due to the much higher ef-
ficiency for X-rays, resulting in gamma-X coincidence effects
when counting close to -he detector.

This study includes combinations of cascade coincidences
between gamma-rays, X-rays, 511 keV annihilation radiation, as
well as B -radiation and is associated bremsstrahlung. The
following radionuclides *Na, #**Na, Cr, *Mn, %Cc, %Co, **2n,
sr, **y, '%°cd, 'Y'sn, '¥Cs, '*Ce, **’Hg, and **'Am, which are fre-
quently used in ep-calibration, were scrutinized for potential
cascade coincidences, and practical corrections were calcu-
lated. A gamma—X detector with a relative efficiency of 35 %

was calibrated with these 15 nuclides at 7 separate positions.

Cascade Coincidence of Gamma- and K X-rays

Figure 1 shows four basic cascade decay schemes often en-
countered in Gamma—-X detector calibration work: (a) Y-y cascade
with the internal conversion (IC) K X-rays; (b) electron cap-
ture (EC) with the resulting K X-rays, KX(EC), followed by a ¥y-
transition/internal conversion; (c) B+ decay and its associ-
ated 511 keV annihilation radiation followed by a y-transi-
tion/internal conversion; and (d) y-transition/internal conver-
sion preceded by a P -decay and its associated bremsstrahlung.
L X-rays created by electron capture/internal conversion are
not considered here due to their low photon energy/intensity
for the nuclides considered, apart from *!Am. The L X-rays of
#1pm, which play an important role in the efficiency calibra-
tion at the low photon energy range, will be discussed separa-
tely in the next section.

The Y-y coincidence effects (Fig. 1 (a)) have been inves-
tigated extensively. The line of reasoning used in this work
to calculate the y-Y coincidence correction factor, COI, was
originally introduced by Moens (2]. His method was simplified
and modified for arbitrary y-y decay schemes by Lin [3], and



extended to include the K X-rays by De Corte (4]. The present
work generalizes this reasoning to include all four decay
schemes shown in Fig. 1, and formulae are derived to correct
for coincidence effects of any combination o’ gamma or A-rays.

Anqular correlation is not taken into account.
1. vy Cascade, Fig. 1 (a)

(LY %

Counts in the v, full-energy peak can be lost by the coinciden-
ce of y, with vy,, denoted as ([y,—Y,], or with its Internal con-
version K X-rays, [Yl‘KX(IC)'y,T- The coincidence probability of
a detected v,, denoted as P(Y;), is the sum of the probabilities
of [‘E-y,] and [II'KX(IC)Yz]' namely

P(h) = p(%h%] + pi%N—KK(IC)y] (1)

The individual terms can be derived as follows:

probability that ¥, is followed by a Y, transition (a,);

P[E"Yz]
Y,-ray is emitted (c,) and detected (gy,)

= a;°C°E (2)

where a - branching ratio

c = - total internal conversion coefficient
e &

g, - absolute total efficiency

and
p[yl-KX(IC)Yzl = probability that v, is followed by a ¥,

- transition (a,); K-shell vacancy is zreated
(c;-0,;); K X-ray is emitted (wy) and (K, or Kp)
is detected (K, € qtKy Er,p)

= 8;°Cy Oy Wy (K Er,xa + KpEr,yp) (3)



where o, - K-shell internal conveision coefficient
o, - K X-ray fluorescence yield

k - fraction factor of K X-ray

k, refers to K, and Kg,, % to K, and Ki,

From the formulae (2) and (3)

P(R) = a,°C;- (&, * au'ms’}x:‘:'er.-,_) (4)
with 21:"1.'5':.11 = kb * KyErp (5)
(2) 7

As shown in Fig. 1 (a), ¥, is in cascade with ¥, and its inter-
nal conversion K X-rays. The coincidence probability of a de-
tected v, P(Y) = p—-V.] + p[KX(IC)Yl-'yzl, can be derived as
follows: B -

p{%—Y:] = probability that Y, is preceded by ¥, emission
(eﬁ/;ﬁ); Y, is detected (& ,); ¥ is followed by Y, transition
(a;) and vY,-ray is emitted (c,)

= (ep/ep) "23;°C, "€,y (6)

where e - absolute emission intensity

and

p[KX(IC)Yl-‘_Y_,] = probability that 7V, is preceded by K X-ray
emission from the Y, internal conversion (GKX(IC)y /ey);
the K X-ravs are detected (I« -& ,); followed by 7,
transition (a,) and the y,—r;y is emitted (c;)
= (GKX (IC),/ep) "32°Cr Ta &

(eyx/eyz) 'az'cz'an'mx'%“x'er.u (7

with eKX(IC)y, = ey Oy * Wy (8)



So
P(Y) = (e /e,) a,.Cp" (€ q + Oy -0~ 3y &) (9)

(3) 7

As shown in Fig. 1 (a), the counts in ¥; full-energy peak will
be increased by coincidence of v,-Y,, if both 7 and ¥, are
totally absorbed by the detector. The summing probability,
P*™™(y;), can be calculated as follows {3]

€n &n Gy

p¥= T e c3,°Cy" ———— 1

(1) o 1°Ca Cag (10)
(4) Coincidence correction factor COI
The coincidence correction factor, C0I, is defined as

Np(exp)
COI = (11)
Np

where Ny (exp) and Np are counts of a full-energy peak experi-
mentally observed and corrected for coincidence effects, res-

pectively;
the COI is now calculated as [2]
COI = (1 - P)-(1 + P*™ (12)

2. Orbital electron capture followed by y-transition/internal conversion
Fig. 1 (b)

Figure 1 (b) shows that the y-line and its internal conversion
K X-rays are in cascade with the K X-rays created by electron
capture, KX(EC).



(L) ¥

Following a reasoning similar to that above for the Y-y coinci-
dence calculation, the coincidence probability of the y-line
with the KX(EC), P(y) = p(KX(EC)-yl, can be 3jerived as

P(Y) = D{KX(EC)-Y]
= (ekx(EC)/ey 'a'c'{*ﬂz,u

€(EC) -P -0y
= e 'a'c'?z'et.z (13)
with exy (gc) = E(EC) -Py-ay (14)

where €(EC) - branch ratio of ortital electron capture

P, - relative probability of electron capture in K-shell

Note that exx(zc) is the X X-ray intensity from a specified EC
decay branch; it differs from the K X-ray emission intensity
exx, given in the literature for any nuclide, which is the
total K X-ray intensity created by all EC branches and inter-
nal conversions.

(2) K X-rays (K; and K,)

Fig. 1 (b) shows that KX(IC), K X-rays from the internal con-
version, are in cascade with KX(EC), the K X-ray from the
electron capture, and KX(EC) is in cascade separately with y
and KX(IC). The coincidence probabilities of KX(IC) and
KX(EC), p(KX(IC)) and p(KX(EC)) can be calculated separately
as follows:

P(KX(IC)) = p(KX(EC) - KX(IC)]
= (ekx(EC) /€KX (I1C)) 'a'C'au'ws'?;'Er,n
€ (EC) - P,
= 'a'c'mx'zl:“i'er.n (13)

2
and
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P(KX(EC)) = p[KX{(EC) - 7] + P[KX(EC} - KX(IC)]
=acco (e, + G D) (16)
The averaged coincidence probability, P (KX), for a detected K

X-ray, regardless of its origin, can be calculated as

P(KX) = p(KX(EC)) -Rgx(EC) *+ P(KX(IC)) -Rgx(IC) an
with Rgx(EC) = €KX (EC) * eXX(IC) - E(EC) -P, + e,-0y e
eKX (IC) &y Ox
- = 1
Rkx (10) €KX (EC) ¥ exy . IC) E(EC) -Py + e,-q, (19

3. ytransition preceded by B+-decay, Fig. 1 (c)

(1) ¥

The y-ray is in coincidence with the 511-keV annihilation from
the B*-decay. Taking into account that two S5:1-keV photons are
emitted from one P*-annihilation event, the probability of a y-

ray coincidence, P(Y), is calculated as

P(Y) = p(511-y]
= (eg;/e) -a-C-&q;;
= (2e(Bt) /e) rarc gy, {20)

with ey, = 2-e(f*)
where €(f*) is the PB*-decay branching ratio

Note that the ey, here is the 5l1-keV emission intensity from
the specified PB*-decay branch, excluding that of any other
possible P*-decay branches (to the ground level of the nu-
clide, for example), which also results in 511 keV annihila-

tion radiation.
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(2) KX(IC)
P (KX (IC})

p(S11 - KX(IC)]
(€g,;/@KX (IC)) "a-C-Oy -y ~Eys;,y
(2e(B*) /e) -a-c gy, (21)

(3) S11 keV
P(511) = p(S11 - ¥] + p(S1ll - KX(IC)]
= ace (e, + 0oy -Dycgyy,) (22)

4. ytransition preceded by B -decay, Fig. 1 (d)
(1) v
e =pB -7
= (e’“/e,) ra~C € p-
(€B-)/e)-a-c-& - (23)

with e;- = €(f™)
where £(B~) - branching ratio of the specified P —decay

(2) KX(IC)
P(KX(IC)) = p(p - KX(IC)]
= (ey~/egx (IC)) "a-C- Oy Wy € p~
= (e(f7) /e) ra-C & g (24)

Nuclides Used in ep-calibration of a Gamma-X Detector

In this section., 15 nuclides that were applied in the g,-cali-
bration of a gamm.-X detector were investigated for the poten-—
tial cascade coincidences of all their important gamma- and X-
rays covering the energy range of 12 to 2754 keV. Figures 2-16
provide the decay schemes and the related nuclear parameteors

of the 15 nuclides, simplified to suit the needs of this work.



These data were extracted from Refs. (5—-8], unless otherwise
indicated. For easy use of these nuclides in ep—related work,
appropriate formulae are provided along with the figures where
needed to calculate a coincidence correction factor COI. These
formulae are based on the discussion in the preceding section,
excluding K X-rays with energies lower than 11 keV (%Na, *Cr,
Mn, S'Co and ®zn), as well as B -y coincidences with maximum
B -energy lower than about 300 keV (°°Co and ?%Hg).

With the amplifier shaping time set at 6 HUs, as used in
the present work, half-lives of metastable Yy~levels of 1 us
(*sr) or shorter (°Co, !'**Ce and *'Am) may be disregarded [4].
Levels with half-lives on the order of seconds or more (!%Cd,
3sn and !¥'Cs), on the other hand, do not contribute to cascade
coincidences.

Altogether 6 of the nuclides are thus considered coinci-
dence-free under practical conditions of measurement, and no
formulae for calculating COI are therefore included in Figs.
4, 5, 8, 11, 13, and 15, corresponding to the radionuclides
Slcr, *Mn, %2n, '%°cd, '*'Cs, and ?%*Hg, respectively.

The actual procedure used for generating coincidence cor-
rection formulae for individual radionuclides is illustrated
in detail for %Y and *!'Am. The calculation of coincidence pro-
babilities for nuclides with multiple/branch de' ay cascades

was presented in Ref. [3].

BBY

As shown in Fig. 10, y-lines, 898.0 keV and 1836.1 keV, and K
X-rays form cascades. K X-rays from the internal conversion of
898.0 keV and 1836.1 keV are negligible. The intensity of 511~
keV annihilation is very weak, so its contribution to the co-

incidence effect of 1836.1 keV is ignored.

13



(1) 898.0 kev

The 898.0 keV y-line is in cascade with KX(EC879) and the

1836.1 keV y-line. The coincidence probability, P(898.0 keV),

can be calculated as

P(898.0 keV) = p[KX(EC879.0) - 898.3] + [898.0 - 1836.1] -
P(KX(879) - 898.0 - 1836.1]

€(879) - Py~ Oy

= * (@ C) gga.0" Tiy "Ep, i+ (@°C) 1936.1 *Err836.1
€498.0 t

£(879) 'Px'wx

- *(@°Claog.o° (@°C) 1a36.1° (Zxy"Ep 1) “Errgze.1
€498.0 L

(0.5253 €4)4,4+0.0856 €p;5.98) " (1-€ryg36.1) tErra36.1 (25)

{(2) 1836.1 keV

As shown by the %Y decay scheme, the 1836.1 keV y-line is in
cascade with KX (EC879) and the 898.0 keV line with KX(EC1777).
The total coincidence probability P(1336.1 keV), can be ex-
pressed as follows:

P(1836.1 keV) = p(KX(EC879)-1836.1]1+p[898.0-1836.1]~
p[KX (EC879)-898.0-1836.1]+p[KX(EC1777)~1836.1]

€(879) <Py -0
= *8ggg.0" (2°C) 16361 '%“1 “Eru

©€1836.1
€498.0 €(879) Py @y
*(@°C) 1836.1 "Ergon.0™ +{a°C)gop.0° (8°C) 1a36.1° (Zky €1 xy) Erpon
€,836.1 ©1836.1 1

g(1777) Py,

+ . (a-c) Ko *
€lose1 1836.1 ;:. €r,k1

= (0-6101‘0.5786 %395.0)'(0.8599 %14_14"’0.1401 E‘;15,88)+0.94713“93'0 (26)



(3) K X-rays (K, and Kp)

As shown in Fig. 10, there are two cascade chains related res-

pectively to KX(EC879) and KX(EC1777). The average coincidence

probability of K X-rays, P(KX), is calculated as follows (re-

fer to Eq. 17):

P (KX) = p(KX(EC879)) -Rgx(EC879) +P (KX(EC1777)) -RkxX (EC1777)

€KX (EC879)

with R 7 =
KX(EC879) = exx (EC879) TeKX (EC1777)

€(879) -PK879

= = 0.948.
8(879} 'PK579+8(1777) .PK1777

€KX (EC1777
Rkx (EC1777) = ( ) = 0.0511
eKX (EC879) teKX (EC1777)

p (KX (EC879)) = p(KX(879)-898.0]+p(KX(879)~1836.1]
-p(KX(879)-898.0-1836.1]

(a°C)g9e.0"Erasn.ot@gss.0" (2°C)1836.1 "Er1036.1

=~ (@°C)ggg.0" {@°C)1836.1"Eress.0 " Er1836.1

0.9933 €1g95.0%0.9936 E€r1636.1=0.9933 Ergop.o°Er1sa6.1

and

P (KX(EC1777) (8°C)1836.1 " Errnze.n

= Er1836.1

Finally
P(KX) = 0.9425 €rg9g.0° (1=Bpa36.1) + 0.9939 Epyq34.,

(27)

(28)

(29)

15
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241 Am
In the simplified decay scheme of **'Am presented in Fig. 16,

a-decays with branching ratios (g{a)) less than 1.5 % are
omitted along with less important y-lines with intensities (ey)
lower than 0.05 %. In the gp-determination at the low energy
range, the 59.5 and 26.3 keV y-lines are often used together
with the L X-rays. Figure 16 shows that these Y- and X-rays are
subject to cascade coincidence effects.

L X-rays of *¥Np, the a-decay product of ?**Am, originate
from the internal conversion of the corresponding y-transi-
tions, as shown in Fig. 16. The L X-ray intensity may be

written as follows:

eLx = ey {(ar + 0g-ngL) -0, (30)
there ¢, and 0g - L- and K-shell internal conversion
coefficients, respectively
nkgy, — the total number of L-vacancies created by K = L
vacancy transfer

@1, - the mean L-shell fluorescence yield

Since the y-transition energies concerned here are insufficient
to produce K X-rays of ’Np (the lowest K X~ray energy, EK,,
is 97 keV), the intensity of the conversion L X-rays may be

rewcitten as
eLx = ey-aL-EL (31)

In fact, the K X-rays of #?*'Np are extremely weak. They are
produced by the y-transitions with higher energy but with very
low intensities, which are omitted in Fig. 16. Compared with
the L X~-rays intensity ey = 39.54 %, the K X-ray intensity is
only 0.0040 % [10]). Consequently, the contribution to the L X-
rays from K-vacancies giving rise to K = L vacancy transfer is

negligible in this context.



A calculation based on Eq. 31 shows that the four y-tran-
sitions presented in Fig. 16 produce *8 % of the total L X-
rays. In other words, the simplified decay scheme of *'am will

be adequate for making the following calculations:

(1) 59.5 keVv

The summing effect on 59.5 keV by full-coincidence of 26.3 keV

with 33.2 keV is negligible because of the very low intensi-

ties associated with these lines. The calculation of ™F based

on Eq. (10) showed that the effect is never higher than 1 %.
The coincidence loss of 59.5 keV with 43.4 keV and its

internal conversion L X-rays can be calculated as follows:

P(59.5 keV) = p(43.4/LX43.4 - 59.5]
43,4 -
= g (28°C)se.s” (Eraaq +0p4a.4 @ - Zky €p py)
= 8.5-107" g, + 0.0552 Z"le-e,'u (32)
with

S8y, = 0.0205 €ry.g7+0.3288 €13.95+0.5192 £17.59+0.1315 €59 (33)
i

(2) 26.3 keVv
26.3 keV y-line is in cascade with 43.4 and 33.2 keV, as well

as with their conversion L X-rays.

P(26.3 keV) = p(43.4/LX,3 - 26.31+p[26.3 - 33.2/LX;;.;]1-

p(43.4/LX,., = 26.3 = 33.2/L%y.] (34)
with
€43.4 —_
pl43.4/LXy,, - 26.3]) = Y '(a'c)zs.a'(erzs.a“'a:,u.q'wz.'%"fer,u)

= 2.1'10-‘ Erz‘.J + 0-01383 %1'%’31 (35)

17
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p(26.3-33.2/KL;;.,]1 = (a-c),,_,'(Ern.z"’ﬂq.n.z‘“k'%lg'er,u)
= 5.38-107 g4y;, + 0.3903 ZL:x,-e,,,_l (36)

pl43.4/LX,;., - 26.3 - 33.2/LX,;,]

elJ.!

€2.3

-(a-c).3-(a-c) .- (eﬂs.q*auz.l’at.‘zft’er.u) - wrn.z*“us.z'a:.'?x'er.u)

1.14:10% (€434 + 65.22 Bk -8 y) * (Enyy, + 72.59 Tn, €, y) (3N

So
P(26-3 kEV) = 2-1'104 31-“_3 + 5.38'10-] E!-JJ.!+0.404 lnl'et'u

- 1-14'10-‘ (ET‘J.‘ + 65-22 L&l'e!-lu) '(ErJJ.z + 72-59 ?I.Er'u) (38)

(3) L X-rays

As discussed above, more than 98 % of the L X-rays are created
by the four y-transitions shown in Fig. 16. The average coinci-
dence probability of an observed L X-ray, P(LX), is calculated
as follows (cf. Eq. 17):

P (LX) = p(LXz.3) "RLx,, , + P(LX;.2) *RLx,; , + P(LXq.) -Rry,,; ,
+ P(LXss.s) “RLY,, (39)

where R is the intensity ratio of the L X-ray from a specified

conversion to the total L X-rays

CLX.3 €263 %263
R = = = .
LX26.3 eLx Te -0y 0.2035

with %ex'au = €26,3" 0263 + ©33,2°0033,2 1 ©43,4°0pgs.a + ©s9.5°Ursg.s

Similarly,
_ SLXy.p _
RLXJJ.Z = —sz——— 0.2447



19

€LX43.4

Ly = Tix = 0.1274
€LXsy.s _

RLx,, s A = 0.4244

(i) LX,¢3;, L X-rays from the 26.3 keV transition

LX,¢ ; 1s in cascade with the 43.4 keV and 33.2 keV y-lines and
their associated L X-rays. The coincidence probability of
LXye.;, P(LXy.3), is essentially the same as that of the 26.3
keV y-line (Eq. 38).

(ii) LX,;.,, L X-rays from the 33.2 keV transition
LX,,, are in cascade with 43.4 keV, 26.3 keV, and their associ-

ated L X-rays

P(LX;;.2) = pl43.4/LXg;.¢ ~ LX3;5,1+P[26.3/LX, ;3 — LXs5.,)

- pl43.4/LX ;.4 = 26.3/LX3.3 = LXs;.,] (40)
with
e —
pl43.4/LX3, - L¥y.,) = e:;.: caz.3° (@a°C)j3.2- (51'41.4*’“1,43.4'“‘:.'}5*1‘51',14)
= 0.0002 8"3,4 + 0-0128 t&t'et';,t (41)
€.

P[26.3/LXy.; = LXss.2) = “(@a-C)iz2° (€rp6.3 + a:.zs.:'-"-)r.';“x'er.u)

€3.2

= 0-103 81'2“3 + 0-325 L&t'q'h‘ (42)

p[43.4/Lx‘3_‘ - 26.3/LX2‘.3 - %3-2]

€43.4

= g5 (8°Clsr(aC)y,” (31'43-4"'%:.4'-6’1."‘;-"‘1'31-,14) * (Brq.3+0z6,3° Oy Tk, -€r, 1))

= 20107 (8,4 + 65.22 %‘x‘er,u) *(€r6.3 + 3.16 ?‘;'t’—r,u) (43)
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P(LXj3.2) = 2-107" Ere34 + 0.103 €3 + 0.337 {;“L'Br,u
= 2-107° (Epy3. + 65.22 %‘L'Br,u) " (Epg.3 + 3.16 {"‘1'51:,1.1) (44)

(1ii) LX43.4, L X-rays from the 43.4 keV transition

LX,;., is in two cascade chains, one with 59.5 keV and the other
with 26.3 and 33.2 keV.
p(LX;34) = P(LXae = 59.5/LXg 5] +[LXy5.q — 26.3/LXy 5]

+ p(LXy. = 33.2/LXy5.2]— PILXys = 26.3/LXy.

- 33.2/LX;3.,] (45)
with
P(LX43.4 = 59.5/LXss. 5]
(a-C)sg.s* (Ersg.s + axss.s'_ﬁn'%x'er,u)

= 0.435 el'sg.s + 0-192 L&I_'er’u (46)
P(LX.4 = 26.3/LXy.3] = (a-Cly.3° (Eppe3 + ax.zs.:'mr.'{:"i’er,u)
= 0.007 Erqy + 0.022 By ery (47)

P{LX¢3.4 — 33.2/LX53.;] = @z.3°(@a°Clayz- (€nasp + az.::.z'ar.'}f“x'ar,u)
= 3.4°10™ g3, + 0.025 71;‘1'5“.1 (48)

P(LX]43.4 = 26.3/LXp,; = 33.2/LX;;.,]
(a-C)z.3°(asCl)isz- (3125.3"’%26.3'61.'?‘1'5:,1.1) ’ (31'33.2*’“:.33.2'ax.'z;"‘i'ern.z)
4-107° (€g36.3 + 3.16 }1:"1'5:.1.1) *(€33.2 + 72.6 %"L'Er,u) (49)

So

P(LX,3.¢) = 0.435 €595 + 0.007 Epp6.3 + 3.4 107 £y,
+ 0.24 21"‘1'51',;1 ~ 4-107° (€. + 3.16 }f"x'e‘r,u) ’

(Br33.2 + 72.6 P‘L'er,u) (50)
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(iv) LXs.5, L X-rays from the 59.5 keV transition

The coincidence probability of LXsg g, p(53.5), is the same as
that of the 59.5 keV y-line (Eq. 32).

Finally, the P(LX) is expressed as the following:
P(LX) = 0.2035 p(LXy ;) + 0.2447 p(LX;;,)

+ 0.1274 p(LX,5,) * 0.4244 p(LXsy.s) {60)
and the coincidence correction factor COI(LX) is
COI(LX) = 1 - P(LX) (70)
Experimental

The sp-calibration was carried out for an n-type gamma-X
detector (Ortec GMX-model), horizontally mounted with a 0.5 mm
beryllium window and 0.3-um inactive germaniumn layer. The re-—
lative efficiency and energy resolution (FWHM) of the detector
for %°Co 1333 keV are 34.8% and 1.77 keV, respectively. The de-
tector was connected to a ND-680 nuclear system through an
Ortec spectroscopy amplifier/gated integrator 673 and a ND
ADCS570. The amplifier time constant was set to 6 us. The net
peak area for y-lines was calculated using the computer program
built into the ND-680 system; the same calculation for multi-
energy K X-rays was carried out manually, dealing with the K
X-rays as K, and Xy with their respective effective energies.
Standard radiocactive solutions listed in Table 1 were
used to prepare 11 radioactive standard y-ray sources by weigh-
ing suitable amounts into half-dram polyethylene containers
and then diluting to a volume of 1 cm®., The ictivities of the
calibration sources were made so as to keep the counting rate
(CPS) lower than 400, avoiding pile-up and random coincidence.
The uncertainties of the standard radiocactive solutions shown
in Table 1 vary from 0.5% (*'Am) to 4.6% (!*Sn). A strong P -

source was prepared in a similar manner from a **P reference



solution with an uncertainty of 10%. Counting statistics were
controlled to be better than 0. '% for most X- and y-lines
measurements, but no poorer than 1% for the rest.

In-house radioactive sources of #*Na, *Na, 5!Cr, and *2n
were calibrated by measuring at positions far from the detec-
tor, where the detector efficiencies were well established by

the standard radioactive sources.

P|T-determination
The peak-to-total ratio, P/T = ep/eT, serves to obtain the
total efficiency €, which is the essential parameter in the
calculation of the coincidence factor COI, according to the
preceding sections.

The radioactive sources *‘¥Cd (K X-rays, 22.6 keV), ?“am
(59.5 keVv), %Co (122.1 keV), *Hg (279.2 keV), *Cr (320.1
keV), VCs (661.6 keV), **Mn (834.8 keV), and *32n (1115.5 keV)
were measured at the 7 positions listed in Table 3. P/T was
calculated as the ratio of the net peak area to the total area
of the complete y-spectrum. The latter was compensated for the
cut-off of the low-energy part below the threshold energy; the
contributions from the environmential background were subtract-
ed along with any co-existing X-rays, y-rays, and B-particles
other than those under consideration. So the P/T-value of 122
keV (*'Co) was obtained by applying an iterative method for
subtracting the contributions from 14 and 136 keV. The same
procedure was applied to the P/T-calculations of the following
lines: the 279 keV (**°Hg, subtracting the K X-rays contribu-
tion), 1115.5 keV (%2n, subtracting the 511-keV contribution),
and 22.6 keV (*9%cd, subtracting the 88-keV contribution). When
counted at the 4 positions with no perspex f-absorber between
the n-type detector and the source (see Table 2), corrections
were applied for the contribution from 1173-keV f-particles in

the P/T-calculation for 661 keV (!¥’Cs). The effect of the L X-



rays on the P/T-value of 59.5 keV (?*'Am) was corrected for by
5imply subtracting the peak-area of the L X-rays. The experi-

mentally determined P/T-curves are shown in Fig. 17.

A reference radioactive source P, the pure P -emitter
with maximum energy 1.7 MeV, was measured at the 7 positions
to obtain &, the total efficiency of P-rays. €.p- Was calcu-
lated as follows:

N.
Ep- = K:Q;TE: (71)
where N, - the total counts of the obtained spectrum, corrected
for the environmental background
e, — absolute P -emission intensity

The results are shown in Table 2.

ep-determination

The standard y-ray sources of 15 nuclides were measured at 7
separate positions with distances to the detector from (.88 to
17.5 cm, with and without a perspex B-absorber between the de-
tector and sample, as indicated in Table 3. The peak efficien-

cy was then calculated by

NP
€ = ————————— 72
P A, e-t,-COI 72
where A, - absolute activity
e - emission intensity of measured Y or X-ray

COI -~ coincidence correction factor (see Eq. 12)

The results are presented in Figs. 18 and 19.
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Results and Discussion

P[T curves

Obviously, single-line photon emitters are the nuclides most
suitable for determining peak-to-total ratios. For use with an
n-type detector, however, the number of such nuclides is quite
limited. The nuclides used in this work werc¢ selected to
satisfy the requirements of uniformly covering a wide energy
range, and of being practically coincidence-free when measured
close to the detector; they have a single y-line (*Cr and *Mn)
or at least a dominant one so that the corrections for co-
existing X-, Y-, and P-rays will not result in large errors for
the P/T values.

Figure 17 shows that as a log-log plot versus photon
energy the P/T curves are linear down tc about 200 keV; thus a
small number of nuclides is sufficient to obtain reliable P/T
values in this energy region. At the position closest to the
detector (0.88 cm), the uncertainties of the P/T--values in
this region varied from 0.75% (*Mn) to 1.6% (*®Hg), with the
intermediate percentages of 0.83% (*Cr), 1.0% (}¥'Cs) and 1.1%
(**2n) .

Ir the energy region below 200 keV, however, the P/T
curves do not appear to have a cormon shape that could be
fitted to the three P/T-values available in this work. At the
0.88 cm position, the uncertainties of the P/T-values found
for %Co, *'Aam and '°%Cd are 1.1%, 12%, ana 7.1%, respectively.
The large uncertainty associated with the P/T value of *Am
(59.5 keV) is due mainly to the correction for the L X-rays.
It was found that an aluminium absorber (800 mg/cm?) could
totally eliminate the L X-rays, so that no correction was
needed; however, the corresponding P/T value is then vaiid
only for the particular geometry with an aluminium absorber -

and not for the rest of the work.



The large uncertainty for °°Cd is due mainly to a cor-
rection for undefined lcow—energy photon peaks, probably X-rays
axcited by the “%Cd in the materials surrounding the detector.
Nevertheless, from the point of view of coincidence correc-
tion, aa uncertainty up to 15% in this energy region is to-
lerable; this is due to a 'arge error reduction cbtained when

calculating the COI factor, as discussed in the following

paragraph.

COlI factors

The coincidence correction factors CCI, defined by Eq. (11),
were calculated Ior those chston iines affected by cascade co-
incidences, tased on c¢orresponding formulae in Figs. 2-1€. The
results are presented in Tabie 3.

As expected, serious coincidence effects occur at the
position closest to the detector (0.88 cm). The 1274.5 keV y-
ray of ¥Na is in cascade with the 511-keV annihilation, and
shows the strongest coincidence effect. When measuring at the
closest position we must correct for a counting loss of 27%.
Even at the most distant position, 17.5 cm from the detector
and with a 1.0 cm perspex absorber, a coincidence correction
of 1.4% should be applied.

The 1.0 ¢m persprex apbsorber removed most low-energy
photons so that the main y-lines of %Co (122.1 keV and
136.5 xeV), %Sr (514 keV), and *'Am (59.5 keV) were coinci-
dence-free even when counted at the 2.70 ¢m position. In addi-
tion, the coincidence effects of the remaining photon lines of
%'am (L X-rays and 26.3 keV y-line) were mostly reduced.

Coincidence of K X-rays with a y-line could play an im-
portant role as demonstrated by the COI values of the 165.9
keV (¥Ce). This line is in cascade with the K X-rays from
electron capture (see Fig. 14), and a 12.4% counting loss
should be corrected for at the 0.88 cm position. Because of
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the relatively high energy of the K X-rays, the_-e was still a
4.7% coincidence effect at the 2.70 cm position with the 1.0
cm perspex absorber.

The coincidence of high-energy P -particles and their
bremsstrahlung should also be taken into acccunt when the n-
type detector is used. As shown in Fig. 3, the 1368.6 keV and
2754.5 keV y-ravs from **Na are in cascade with each other and
also with the 1.39 Mev f-rays. Table 3 shows that at the 0.88
cm position the coincidence effects of these two y-lines were
11.7% and 13.4%, respectiveiy. The P -coincidence contributed
15% and 13%, respectively, =o the total effects. The P -coin-
cidence contribution fractions decreased o only 3-4% of the
toral coincidence effects at the 2.70 cm position, with the
1.0 cm perspex absorber.

The toral derection efficiencies for *P-particles or
bremsstrahlung (Table 2) were used for the B -coincidence cal-
culation of ®Na. Obviously, the &g is a function of the B -
energy spectrum. The difference in the energies of ?p
(1.7 MeV) and *¥*Na (1.4 MeV) would introduce some error in the
COI calculation, but it was presumed to be unimportant due to
the large error reduction in the calculation of COI.

As a demonstration, we will discuss uncertainties ot the
COI values at the (.88 -m position for some representative
photon lines. A relative uncertainty of 1.2% was found in the
COI value (0.729) of *’Na 1274.5 keV, mainly coming from the
uncertainty of €, ,;- The uncertainties associated with the
nuclear constants used in the calculation formulae (@, e, a,
and a) may be neglected for most nuclides in this work, be-
cause their decay schemes and nuclear parameters are well
established. In this example, an uncertainty of about 3% in
€. s51; resulted in an uncertainty of only 1.2% in the COI value

due to the large error reduction, as shown next:


http://Cr.su-

In the simplest case of Y-y coincidence

COI = 1-P (see Eq. (12), *™p = 0), and
P = a-c-g (see Eq. (2)).

I* uncercainties of the nuclear constants a and ¢ are

ignored, the relative uncertainty of COI is

er
—_ 73
/P -1 (73

Scor =

In general, the largest value of P is about 0.25 (closest
position to a large volume detector), and the uncertainty of &
will ke reduced by a factor of three. In this work most P
values at the 0.88 cm position are about 0.15 or lower; the
error reduction factors are then 5.6 or higher. In other
words, a 10% uncertainty of the & will result in uncertainties
of less than 2% for the calculated COI values,

As an example of X—y coincidence, the uncertainty in the
COI value (0.876) c¢f the 165.9 keV (!}*Ce) was found to be
2.1%; it stems from the uncertairties of & « and atomic para-
meters related to X-ray emission. The latter numbers, particu-
lar the ®, have larger uncertainties.

For che y-Y coincidence in the energy region higher than
200 keV, where both €p and P/T were well determined, the COI
values were established with uncertainties below about 1%. For
example the relative uncertainty in the COI value (0.880) for
Co 1332 keV was 0.5%.

As discusseda above, 1368 keV of ¥Na is in cascade with
the 1.4 MeV B - and 2754 keV y-lines. The uncertainty in the
COI value (0.883) of the 1368 keV was found to be 1,1 %, esti-
mated from the uncertainties of & ;54 (5.8 %) and g (20 %).
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This example clearly shows that a significant coincidence ef-
fect can be corrected for satisfactorily, in spite of large

uncertainties associated with the g&-values.

ep-C Uurves

Figures 18 and 19 show photo-peak efficiencies €p calculated
by Eq. (71) using coincidence correction factors listed in
Table 3 for two counting geometries: without and with a 1.0 cm
perspex absorber, respectively. The €p has a maximum value at
the region 60-30 keV (withou= absorber) or 60-100 keV (with
the absorber). In a log/log represeatation, €&p is a linear
function of photon energy E in the energy region from about
200 keV to 2000 keV. Above 2000 keV, €p at the 2754.0 keV
point (*Na) indicates a more rapid decrease, corresponding to
an increasing escape peak efficiency. In the energy region be-
low 50 keV, €p decreases with decreasing photon energy due to
the self-absorption in the sample volume together with the ab-
sorption in the air, the beryllium window, and the 0.3 um in-
active germanium layer. For the counting geometry with 1.0 cm
perspex absorber, the decrease is expected to be much more
pronounced.

The uncertainty evaluation of the gp-values in Figs. 18
and 19 should be based on Eq. (72). It should include the un-
certainties of the absolute photon emission intensities of the
standard sources listed in Table 1, counting statistics of the
net peak area, and the COI factor. For homemade sources that
were calibrated by measuring at positions furthest from the
detector, the uncertainty evaluvation should include also the
uncertainties associated with the calibration procedure. For
the main y-lines evaluated in this work, the uncertainties of
photon emission intensities are negligible. But this is not
the case with weak y~lines and X-rays. For instance, the uncer-
tainties of the 14.4 (*’Co) and 36.6 keV (K3 '*’Cs) lines are
2.6% and 3.7%, respectively.
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The uncertainties of the sp-values at 17.5 cm positions
with and without the 1.0 cm perspex absorber were largely de-
termined by the uncertainties of the standard radiocactive
sources. There were no or only minor coincidence efrects. The
uncertainties were estiisated to be 2.0% in the region 200-2000
kev, 2.1% for the 2754.0 keV point (*Na), 3.2% in the 50-200
keV region and 3.8% for energies below 50 keV.

The uncertainty of the coincidence correction should be
taken into account for uncertainty evaluations of ep-values at
positions other than 17.5 cm. For the Ep-values at the 0.88 cm
position, where the largest coincidence corrections were
applied, the uncertainties were estimated to be 2.8% in the
200-2000 keV region, 3.1 % for the ep—value at 2754 keV, 3.8 %
in the 50-200 keV region ancd 4.3 % for the region below
50 keV.

Conclusion
This work successfully demonstrates a method to determine the
photo-peak efficiency of the n-type gamma-X detector at posi-
tions close to the detector, for the energy range 12 to 2754
keV. Between 200 and 2000 keV, uncertainties are only a few
per cent and CJor the other energies no more than 5%. The key
to achieving these results was to correct accurately for the
coincidence effects using formulae derived in this work for Y-
Y, X-Y, y-511-keV annihilation, and B-y cascade coincidences.
Additional work was required to determine the P/T-curves with

a small number of nuclides.
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Table 1

Standard/Reference Radigactive Solutions Used in ep—Determination

Qverall
E, Uncertainty
Nuclide keVv 3
Certified radioactive 19%¢cd 88.1 + 3.8
solution SCo 122.1 *
QCY. 44 8ce 165.9 +
Amersham (UK) 2Hg 279.2 + 2.
*H35n 391.7 + 4.
$sr 514.0 + 1.
cs 661.6 + 3.
88y 898.0 + 3.8
$9co 1173.2 + 0.
1332.6 + 0.
S8y 1836.1 + 2.8
Standard radioactive
solution - CUZ.64 109cq 88.1 + 1';;
Amersham (UK) '
Certified radioactive
solution %1am 59.5 + 0.5
Amersham (UK)
Certified radioactive
solution Mn 834.8 + 1.0
LMRI (France)
Reference radiocactive 2p ‘. + 10 %

solution




Table 2

Total Efficiency of P B -rays

Distance from without perspex absorber with a 1.0 cm perspex absorber
detector face 0.88 cm 2.70 cm 7.60 cm 17.5 cm 2.70 cm 7.60 cm 17.5 cm

&.p (?P) 1.78x107? 9.37x107  2.51x107 5.93x10™ 2.17x107 6.30x10™ 1.61x107




Table 3

Coincidence Correction Factor, CQOI, at Different Counting Conditions

CoI
Photon without perspex absorber with a 1.0 cm perspex absorber
Isotope energy between detector and source
(keV) 0.88 cm* 2.70 cmx* 7.60 cm* 17.5 cm* 2.70 cm* 7.60 cm* 17.5 cm*
2Na 511.0 0.882 0.940 0.981 0.993 0.942 0.981 0.994
1274.5 0.729 0.865 0.957 0.986 0.871 0.959% 0.986
Na 1368.6 0.883 0.942 0.981 0.994 0.948 0.983 0.994
2754.0 0.866 0.933 0.978 0.993 0.940 0.980 0.994
*Cco 14.4 0.796 0.900 0.969 0.991 0.908 0.971 0.992
122.1 0.993 1.0 1.0 1.0 1.0 1.0 1.0
136.5 1.0414 1.022 1.006 1.0 1.0 1.0 1.0
®sr 13.6 0.852 0.926 0.976 0.992 0.929 0.977 0.993
514.0 0.968 0.982 0.994 1.0 1.0 1.0 1.0
sey 898.0 0.859 0.925 0.976 0.992 0.943 0.981 0.994
1836.1 0.845 0.919 0.974 0.992 0.937 0.980 0.993
©co 1173.2 0.884 0.941 0.981 0.994 0.943 0.981 0.994
1332.5 0.880 0.939 0.980 0.993 0.941 0.981 0.994
13%Ce 165.9 0.876 0.937 0.983 1.0 0.953 0.987 1.0
2pm 11.87)
13.93
**17.58}0.963 0.982 1.0 1.0 0.989 1.0 1.0
21.0
26.3 0.963 0.981 1.0 1.0 0.993 1.0 1.0
59.5 0.995 1.0 1.0 1.0 1.0 1.0 1.0

*Distance from the detector face
**Effective energy of L; and L
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Figures
Four basic cascade-decay schemes used for deriving
coincidence correction factors
Decay scheme of #Na
Decay scheme of %*Na
Decay scheme of ’Cr
Decay scheme of 3'Mn
Decay scheme of 3'Co
Decay scheme of *Co
Decay scheme of ®2n
Decay scheme of ®Sr
Decay scheme of %%y
Decay scheme of !°°cd
Decay scheme of !!’sn
Decay scheme of '¥Cs
Decay scheme of !**Ce
Decay scheme of %°*Hg
Decay scheme of 2*'Am
P/T-curves
a) P/T-curves at 3 positions with a 10-mm perspex
absorber
b) P/T-curves at 4 positions without perspex absorber
* distances from the detector face (refer to Table 3)
g,-curves determined at 3 positions with a 10-mm
perspex absorber
* distances from the detector face (refer to Table 3)
g,-curves determined at 4 positions without perspex

absorber
* distances from the detector face (refer to Table 3)
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Fig. 1. Four basic cascade-decay schemes used for deriving coincidence

correction factors.
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