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In absolute and semi-empirical calculations of full gamma-energy peak efficiencies (¢,,), geo-
metrical/compositional data characterizing the detector should be known in much detail.
Among these, detector crystal edge rounding (bulletization), if neglected, may lead to large
systematic errors, especially for low gamma-energies and close counting geometries. The er-
rors show quadratic dependence on the extent of bulletization (bulletization radius). Mathe-
matical/analytical solution to the problem - not reported so far - is elaborated in the present
work. Relevant mathematical formulae are derived for a number of counting arrangements
most frequently encountered in gamma-spectrometry practice (point, disc, cylinder, and
Marinelli sources). These are subsequently programmed for numerical calculations and are
now part of commercially available ANGLE software. Extensive calculation testing is per-
formed for HPGe (both p- and n-type) and LEPD detectors (several sizes each), with various
sources (point, disc, cylinder, Marinelli) and counting geometries (0-20 cm source-to-detec-
tor distance). Energy range considered was 10-3000 keV. To elucidate the significance of the
issue, an error propagation study was conducted: results with bulletization taken into ac-
count are compared to those when bulletization was neglected. Corresponding errors are tab-
ulated in an extensive Excel file. The file comprises about 152 000 error calculation results
which are available for download; a few characteristic ones are selected for presenting in the
paper. ANGLE proved handy (in programming) and fast (in calculations) when accomplish-
ing this task. The data convincingly illustrate the impact of detector bulletization on
gamma-efficiency and thus the need to account for. Even only slight bulletization (1-2 mm
bulletization radius) is not negligible in many realistic counting situations. Reader/analyst
can (1) compare his/her counting situation with these data so as to get the first impression of
the problem and (2) use the mathematical model presented and/or ANGLE software to ad-
dress the issue.

Key words: detector crystal bulletization, semiconductor detectors, efficiency calculations, error
propagation, ANGLE software, gamma-spectrometry

INTRODUCTION

Closed-end coaxial germanium detectors (HPGe,
both p- and n-types) are most often manufactured with
crystal edges rounded (“bulletized”) to some extent, in
order to smoothen electric field in the crystal and thus
enhance collection of charges produced by X- and
gamma-ray interactions (figs. 1 and 2) [1-5]. The same
is valid for thick (10-20 mm) semi-planar low-energy
photon detectors (LEPD) [1, 8]. Although some manu-
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facturers tend recently to reduce/minimize bulletization
of newly produced detectors (because it causes consid-
erable efficiency diminishing at close counting geome-
tries and low energies), the fact is that vast majority of
detectors in use do have crystals with rounded edges;
bulletization radius is typically in 2-10 mm range
(5-50% of the crystal radius) [1-13].

In addition to rounded outer edge of the crystal,
inner cavity (crystal hole) is, in general, also rounded
for the same reason — improving detector response to X-
and gamma-radiation (fig. 1). Both will be further on in
the text referred to as detector bulletization.
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Figure 1. HPGe crystals with rounded edges (bulletized);
thick line represents dead Ge layer; p-type HPGe (left),
n-type HPGe (middle), and LEPD (right) [1]
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Figure 2. Bare HPGe crystal photograph (left), detector
radiographies, showing mounted crystal inside (middle
and right) [6, 7]; bulletization is clearly seen

In absolute (e. g. statistical — Monte Carlo) and
semi-empirical (e. g. effective solid angle based) calcu-
lations of detection efficiency, geometrical and
compositional characteristics of the detector are re-
quested as input parameters, one way or the other
[15-31]. Due to complex shape and engineering struc-
ture of the detector, its mathematical/analytical descrip-
tion (modelling) is always simplified to some extent,
i. e. systematic error is inevitably introduced into the
calculated efficiency. Monte Carlo (MC) simulations
offer an advantage in this sense over semi-empirical
methods, enabling more versatility and complexity of
the description, including bulletization. Even though,
dedicated MC codes so far do not offer bulletization op-
tion [10]. On the other side, semi-empirical approaches
turned out to be generally better suited for the job (effi-
ciency calculations) — offering more practical advan-
tages (better accuracy, less input parameters, much
shorter computation times, transparency, user-friendli-
ness and ease-to-use, favorable teaching/training as-
pects, etc.), especially when efficiency transfer (ET)
principle is applied [8-10, 26-28, 30].

No exact mathematical/analytical solution was
reported so far on the accounting for the effect of crys-
tal bulletization in detector efficiency determination.
Estimations invoking the necessity for appropriately
dealing with this issue were made on several occasions
[7-10]. The same impression we had from the exten-
sive feedback of the users of our ANGLE software for
semiconductor detector efficiency calculations and
from our own experience [1, 32]. Following this need,
we have elaborated an exact mathematical/analytical
treatment, which will be presented hereby. The
method is incorporated already into ANGLE code

[32-34]. For illustration/demonstration purposes, an
extensive study was subsequently conceived, exploit-
ing ANGLE ability in easily varying gamma-spec-
trometry input parameters. Calculations were eventu-
ally performed for a large number of possible
gamma-spectrometry counting arrangements/situa-
tions (about 152 000), elucidating in much detail the
practical implications (see further). Results are sum-
marized in such a way that the reader (gamma-spec-
trometry analyst) can easily estimate the effect/impact
of detector bulletization in his/her own conditions —
making thus the first step in addressing the problem.
Second step — solving the problem — may be applying
this approach or just simply using ANGLE software.

THEORETICAL

Full-energy peak detection efficiency (¢,) can be
calculated using the concept of the effective solid an-
gle (€2)[15-17,35-41]. Fora given gamma-source (.S)
and a semiconductor detector (D) (fig. 3), the effective
solid angle is defined as

Q= [dQ (1)
Vs:Sp
where Vs is the source volume, Sp — the detector surface
exposed to the source (“visible” by the source), and

S

— FF. TP

dgzwdo (2)
TP

-

Detector

Figure 3. To the definition of the effective solid angle (?2),
eq. (1)

Here T'is the point varying over Vs, P—the point vary-
ing over Sp, and 11, the external unit vector normal to
infinitesimal area do at Sp. Equation (1) is thus a five
fold integral. Factor F,, accounts for gamma attenua-
tion of the photon following the direction TP out of the
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detector active zone, while F ¢ describes the probabil-
ity of an energy degradable photon interaction with the
active detector body (i. e. coherent scattering ex-
cluded), initiating the detector response. The two fac-
tors include therefore geometrical and composi-
tion-related parameters of the materials traversed by
the photon.

Full-energy peak detection efficiency (¢,) is sub-
sequently found as

P —
£, = T 0 (3)
where P/T'is the “virtual” peak-to-total ratio (“virtual”
meaning it is valid for a bare isolated detector crystal in
avacuum) [ 15]. Fairly assuming that P/Tis an intrinsic
characteristic of the detector crystal (depending on
gamma-energy only) [36, 41, 42], implies that g, is
proportional to £2. This proportionality enables simple
conversion from the chosen (say known—accurate and
reliably determined) reference geometry (index ref) —
to that of the actual sample (unknown efficiency)
Q
— 4

P p ref — Ot ( )

Note that with such conversion (efficiency trans-
fer — ET), assumption of P/T constancy is practically
extended (for efficiency determination) beyond its lit-
eral meaning — thanks to partial error compensation in
0/ Q rer ratio. The more the actual sample and count-
ing geometry resemble the reference ones, the more
this stands. o

For the purpose of the present work, &, to €2 pro-
portionality helps to derive conclusions aboute  varia-
tions/behavior by analyzing those of 2.

Detector crystal edge rounding (bulletization) is
defined by its radius p (0 <p <R, with R, the detector
radius, R, < H, fig. 4). When applying eqgs. (1) and (2)
to a point source 7 and bulletized closed-end coaxial
HPGe detector, we obtain
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Figure 4. To the calculation of Q for point source and
bulletized detector, eq. (3)

J— T RO
Q= zj do j Fy FeeFy (T, Ps, )RAR +

(5)
+2R Jd@J wtFerrF2 (T, Ps, Yih
0 -H
with 7(r, 0, d), Ps = (Rcos6, Rsind, O) PS (Rocos0,

Rosin@, h) and, 90 = arctan [(+° —RO )” /R,] while
functions F; and F, are given as

—

TPs, -1l
S'insl , R<R,—p

TPs,

-

Fi(T,Ps)= TPS3 n3
—

s R>Ry—pATPs NS5 #D
TPs,

0, R>Ry-pATPg NS3=0

(6)

with fi; =(0,0,~1), Ps, =TPg NS5 and fi5 =ii5 (Ps)

Fy (T, P, )= h>-pATPs NS; #

7)
with i, =(-cos@,-sin0,0), Pg =TP5 NS;and

ny=n;(F s3)
Thus, co-ordinates of point Pg are obtained as the

cross-section of  straight line 7P (where
P =Pg or P =Py), defined by the equation
TP: X=Xt _ y=Jr — zZ—z7 (8)

Xp =Xt JVp~JVr Zp 27

and surface S; (detector curvature), which is geometri-
cally represented as a part of the torus defined by the

equation
S5t 4Ry —p) (x* + %)=
=[x*+ 32 +(z+p) +(Ry-p) P> (9)
Substituting eq. (8) into eq. (9), yields a
fourth order algebraic equation. Solution to this

equation is analytically obtained using Ferrari’s al-
gorithm [43].
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In the above, co-ordinates of normal vector 1l ;=
= (ny, Ny, n,) are:

X, —X - —-p—z
= 3,ny=y° J’s’nZ:P 3

p p P
with x3, y3 and z3 denoting co-ordinates of point P,
and

n

_ (R =p)* +x3 + y3 +23 +2pz;
2

Note that if |y;|<&(e>0 is a small number),
then

Y3$ S=Y3e
yC = > xC =
x3 +y3 X3

thus avoiding division by a close-to-zero number.

Applying the above mathematical reasoning to
some characteristic sources and counting geometries
typically encountered in gamma-spectrometry prac-
tice with semiconductor detectors, the following can
be obtained (for symbols used to denote intervals of
integration, see the corresponding figures).

Disc source (coaxially positioned with detector,
fig. 5)

Q= [d2+ [d2 (10)
(©O1+0,), S 0, S,
or
Q= jrdrjd@j o FopFy (T,P)RAR +
50 1
4R,
+ jrdrjd@j wi Fer > (T, P )dh - (11)

5ORy 0
Cylindrical source (coaxially positioned with
detector, fig. 6)

Q= [d2+ [dQ (12)
41,8 V2.8

Ty
1
I Source

QT

o

Ry Detector
1

Figure 5. To the calculation of Q for disc source and
bulletized detector, eq. (10)
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Figure 6. To the calculation of Q for cylindrical source
and bulletized detector, eq. (12)

or

ﬁz—jdl]rdr{d@j wi Fer By (T, P )RAR +
rOLo 0 o (13)

4R
+—jdljrdrjd9j att Fee o (T, Pg))dh
0Lo Ry 0 -

with 7(r, 0, d + 1).

Equations (10)-(13) are valid for sources with
radii larger than that of the detector (r, > R,); for
smaller sources (r, < R;) second term integrals are
omitted.

Marinelli geometry is described by

Q= [d2+ [d2 +[d2 + [d2 + [dQ (14)
N+V).8 V3.8, V3§ V3+Va+V5),8, V.S,

which gives

Wjdljrdrjdﬁj att Fee 1 (T, Ps )RAR +

o 00
4R
+—jdljrdrjd9j att e o (T, P ) dh +
0 R, o

+*Jdlfrdrfd9 IFanFeffFl (Thy»Ps) RAR +
W 00

7o

4R, d n 6 0
+—= [dl]rdr[d0 [FFegl) (T, Ps,)dh+
w d— L(pr 0 -H ?
,H r
[dljrdrjd@ j wiFerFy (T Ps)RAR (15)
d-Lor, 0

where
W=1gL+(iy =1 )Ly, T(r, 0, d +1),

T.,(r,0,1), P, (RcosO, Rsinf,—H)
and function F is described by
—
TPs, -1,

Fy(T,Pg, )= .
\TPS4\

withii, =(0,0,1) (16)
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to bulletization. The more actual sample (shape, size,
matrix, beaker) and counting geometry (source-to-de-
tector position/distance) are close to reference ones,
¥ - - the more such error reduction is prominent. In this
sense —as previously suggested — ET-principle benefi-
cially expands 2 applicability to &, calculations in re-
gions where the two incline to slipping out of the pro-
portionality range (e. g. at low gamma-energies for
HPGe detectors, high gamma-energies for LEPD, for
bulky sources at close geometries, efc.).

Finally, one should bear in mind that — when re-

o~
-w_‘

«Fo Detector garding the same detector with and without

Vi I Vs bulletization — P/T is, strictly speaking, not concerning

| the same detector anymore. In exact terms, the g, vs. Q

Source proportionality assumption should be adjusted in this

- respect. For the purpose of the present work this nuance

Figure 7. To the calculation of (2 for Marinelli source and will be neglected, since the conclusions to be derived on

bulletized detector, eq. (14) bulletization error propagation, see further, eq. (17), are

anyhow of indicative/illustrative nature only. The same
observation holds, after all, for analogue error propaga-
tion studies of other detector parameters (e. g. dimen-
sions of the crystal itself, dead layers, vacuum, end-cap,
low-Z window, housing, efc.) [15].

Needless to say, the above does not affect the ex-
actness of the mathematical approach, egs. (5)-(16) —
when calculating detection efficiencies using ET princi-
ple, eq. (4), italways goes about the same one detector.
In general, as far as realistic situations in gamma-spec-
trometry are concerned, we are on the safe side —no ma-
jor/unacceptable strays due to P/T-constancy assump-
tion are expected.

Note that in further elaboration of the mathemat-
ical analysis, rounding of the crystal core (hole) was
also taken into account — appropriate relations are con-
tained within F 4 factor. It is assumed that core
bulletization radius is equal to hole radius, as is nor-
mally the case in practice (fig. 1). Being one of many
details describing the detector, and having in mind ex-
tremely extensive final formulae, this is not felt neces-
sary to be presented more minutely hereby.

For thick LEPD (fig. 1), which have essentially
the same configuration as closed-end coaxial n-type
HPGe detectors, same equations as the above derived
ones are valid. If R,>H, as usual with LEPD, then

0 <p <H (thusnot 0 <p <R). - APPLICATION IN ANGLE

Since ¢, is directly proportional to 2, eq. (3), COMPUTER CODE
further conclusions about (2 are applicable to &, — as
long as the proportionality holds, of course The above formulae were first incorporated by
[36, 41, 42]. Note that when the efficiency transfer 2009 into version 2.1 of ANGLE, our efficiency calcu-
(ET) principle is used for efficiency calculations, the lation software (commercially available) and, later on
impact of the uncertainties in detector data (error prop- —with enhanced precision and calculation speed — into
agation) tends to reduce due to partial cancelling, eq. current version 3.0 [32-34]. A typical ANGLE screen
(4),[11,12,27,28]; as a matter of fact, this applies also (including bulletization data input) is given in fig. 8.

Detector info ﬁ

Detecter | End-cap window | End-cap | Yacuum | Housing
Detector name: [Bulletizing - 4

Detector type: [osed-end coadal HPGe

Detector height: |64 m o

Detector radius: [33 e /V
¥

Bulletizing radius (0 = none): [& o | S

o E——
Core top type: [Rounded

Core height: [40 e
Core raduus: [2.5 e
Figure 8. ANGLE screen e e ! = T
. . . . . Inactive Ge side thickness: |1 e Y n
illustrating data input, including crystal
. R Contact tap thickness: [0.001 o
bulletllatlon Contact side thickness: |0.001 mm
Conitact material: |Gold (1]
‘Contact pin radis: |2.5 n
Contact pin material: [Copper (1]

Detectar description: [Bulletizng calculations - HPGE 200

[+'4
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The software offers comfortable, transparent,
comprehensive and fast data manipulation, both for in-
put and output. Besides its primary function (effi-
ciency calculations), it enables inter alia easy and il-
lustrative error propagation investigations — that is to
say observing the impact of input parameter variations
on the final gamma-spectrometry result. For the pur-
pose of the present work it served to bulletization
study, as follows.

PRACTICAL IMPLICATIONS AND DISCUSSION

The effect of detector crystal bulletization on the
effective solid angle (€2) —and hence on the y-calcula-
tion result, egs. (3) and (4) — is studied by entering into
calculations various input parameters, namely:

— detector types and sizes (tab. 1)
- HPGe p-type (volume = 100, 200, and 500 cm®),
- HPGe n-type (volume = 100, 200, and 500 cm’),

and

- thick LEPD (thickness = 10 and 20 mm),

— bulletization radius (p/Ry = 0-100%, in 5% incre-
ments),

— source types and volumes (tab. 2)
- point,
- disc (radius =1, 2, 5, 10, and 20 cm),
- cylinder (volume = 10, 100, and 1000 ml), and
- Marinelli (200, 500, 1000, 2000, and 5000 ml),

Table 1. Characteristics of the detectors used in the study

— source matrices (water, epoxy resin CyHpsClOs
1.4 g/en?’, carbonate rock CaCOj3 2.71 g/em’),

— counting geometries (source to detector end-cap
distance = 0, 10, and 20 c¢cm), and

— gamma-energies (16 energies in 10-3000 keV
range).

Some of these are characteristically met in
gamma-spectrometry practice, while the others are
rather theoretical. The latter case concerns e. g. ex-
tremely bulletized crystals (p/R, > 50%) or situations
of very low efficiencies (for instance counting with
p-type HPGe detectors below 50 keV or with LEPD
above 500 keV).

Results are compared to Q-values with no
bulletization taken into account (o = 0). Relative dis-
crepancies (in %) are then calculated as

5[%]:"(2(0)4‘.100 (17)
Q(p)

Since 2(0)/Q(p) ~ £,(0)/e,(p), 5-values are the
errors made in the efficiency calculations by not tak-
ing bulletization into account.

With all combinations of the above input param-
eters (detector, source, geometry, gamma-energy,
bulletization radius, efc.), a total of 152 640 Q-calcu-
lations were performed using ANGLE 3 software.
Relevant §-values, eq. (17), are systematized per de-
tector-source-matrix-distance in 480 tables in an Ex-
cel file, each table (except for 10 mm LEPD) consist-

Detector — |Thick LEPD |Thick LEPD|HPGe p-type| HPGe p-type | HPGe p-type | HPGe n-type | HPGe n-type | HPGe n-type
Parameter [mm)] 10 mm 20 mm 100 cm’ 200 cm’ 500 cm’ 100 cm’ 200 cm’ 500 cm’
Crystal radius 18 18 26 33 44 25 32 43
Crystal height 10 20 52 64 87 52 63 87
Dead layer 0.001 0.001 1 1 1 0.001 0.001 0.001
Core height 5 5 30 40 60 30 40 60
Core radius 1.5 1.5 25 25 25 25 25 25
Contact thickness 1 1 0.001 0.001 0.001 1 1 1
Crystal to end cap
distance 5 5 5 5 5 5 5 5
End cap thickness
(Al) 1 1 1 1 1 1 1 1
Window thickness | 5 05 05 05 05 0.8 05 05
(Be)

Table 2. Characteristics of voluminous sources used in the study
Source = | Cylinder Cylinder Cylinder | Marinelli Marinelli Marinelli | Marinelli | Marinelli

Parameter [mm)] 10 ml 100 ml 11 200 ml 500 ml 11 51
Height 17 38 83 76 84 93 107 135
Radius 14 29 62 56 64 73 87 115
Cavity height — - - 70 70 70 70 70
Cavity radius — - - 49 49 49 49 49
Contact wall

thickness (plastic) 1 1 1 1 1 1 ! !
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ing of 336 calculation results (16 energies for each of
21 p/R, values). The file is too extensive to be pre-
sented integrally as a part of this article, but can be
downloaded from ANGLE Web site [44]. For illustra-
tion, some of its constituent tables are given in tab. 3 in
reduced forms (p/R, < 50%; E, = 50 keV for p-type
HPGe; £,< 500 keV for LEPD). In fig. 9 examples of
graphical representation of the tabulated 5-values are
shown — for better perception and easier concluding.
It should be noted that — despite huge number of
input files (nearly 10 000 required to be prepared for
ANGLE calculations) — this study was relatively simple
and easy to program (one day work), benefiting from
the software built-in options for gamma-spectrometry
studies. Total calculation time was less than 10 hours on

500 1 1 Ll T T L} T T T
s>k 4
2
>
2 r 1% 1
2
im} 3%

5%
100 10%
r 15%
50k 20%
/ 40%
10 1 1 1 L 1 1 1 1 l
0 10 20 30 40 50

Bulletization [%]

Detector: LEPD 10 mm
Source: Marinelli 500 ml (matrix: water)

3000 T T T T T T T T
S
T 1000} 1
5 1% ]
g 500t 3% .
w | 4
15%
20%

100} /

F 30% 7

50 : g

- 403”0/-
/50% /

10 1 L 1 1 1 1 1 I |60ﬂ/;’
0 10 20 30 40 50

Bulletization [%]

Detector: n-type HPGe, 100 cm®; source: disc,
radius: 5 cm; source-to-detector distance: 0 cm

Energy [KeV]

Energy [keV]

a HP EliteBook 8540p laptop computer (by utilizing all
four processor cores at the same time), i. e. only 0.23
seconds on average per 2-value and gamma-energy of
interest. Calculation time is so short thanks to the calcu-
lation optimization built in ANGLE 3, whereby an or-
der of magnitude (or even two) saving in computation
time is achieved. Note that the same study (i. e. the same
amount of calculation) using MC codes, especially with
comparable calculation precision (<107°), would be
practically impossible — taking months, even years.

Clearly and convincingly results in tab. 3 con-
firm the necessity for taking crystal bulletization into
account in detector efficiency calculations. Letus only
pay attention to a few typical situations which illus-
trate this:

3000 —T T T
1000 |
r 1%
3%
r ° 5%
500 -
L 10%
- 15%
L 20% 1
100 30%
C 409%™
r 5095
50 1 1 L 1 .1
0 10 20 30 40 50

Bulletization [%]

Detector: p-type HPGe 100 cm®;
Source: point; source-to-detector distance: 20 cm

3000 ——r

T T T
1000 F 3
: z
500 3% r
r 5%
I 10%
15%
100k 20%
E 30%
50
L 40% /]
- 502/9/
10 1 1 L 1 1 1 / 6 %
0 10 20 30 40 50

Bulletization [%]

Detector: n-type HPGe 500 cm®; source: cylinder 11
(matrix: epoxy); source-to-detector distance: 0 cm

Figure 9. Isometric error representation, illustrating four cases from tab. 3



N. Mihaljevié, et al.: Accounting for Detector Crystal Edge Rounding in ...
8 Nuclear Technology & Radiation Protection: Year 2012, Vol. 27, No. 1, pp. 1-12

Table 3. Examples of errors (5, in %) made in 2 calculations (and consequently in &,) by not taking detector crystal
bulletization into account, eq. (17), for various detectors, sources, and counting geometries; 5 =p/R, (in %) is a measure of
the bulletization; E, is in keV; the data presented are excerpted from extensive Excel file containing 480 tables with 152 640
calculated o-values, downloadable from ref. [44]

Detector: LEPD 10 mm

Source: point; distance : 0 cm Source: Marinelli 500 ml, matrix: water

E|p 5 10 15 20 25 30 35 40 45 50 E|p 5 10 15 20 25 30 35 40 45 50
10 1.8 37 59 84 114 148 184 222 273 339 10 20 46 7.7 113 155 202 255 314 379 452
15 1.8 38 6.0 85 1L.5 149 18.6 225 27.6 341 15 2.1 46 7.5 108 146 188 234 28.6 343 406
200 19 39 62 88 11.8 154 19.1 23.1 283 351 20 18 40 65 94 127 163 203 248 29.7 350
30 1.7 37 6.1 88 119 155 19.1 232 285 354 30 14 34 57 83 11.2 145 182 222 266 315
50 1.1 30 52 78 108 145 182 221 274 342 50 07 25 46 7.1 100 132 16.7 206 249 297
70 06 21 39 62 90 123 160 198 248 314 70 0.1 14 33 57 84 115 150 189 233 282
100 03 13 26 43 65 93 125 159 203 260 100 03 04 1.8 37 62 91 126 16,6 21.2 265
150 02 09 18 32 50 72 99 129 167 218 150 06 03 08 24 47 76 11.1 153 202 26.0
200 02 08 16 29 45 66 91 120 156 204 200 07 05 05 21 43 72 107 150 201 26.1
300 02 07 15 27 42 62 8.6 114 149 195 300 07 06 03 19 41 7.0 105 148 200 26.1
500 02 07 14 25 40 59 83 110 145 190 500 08 07 02 17 39 68 104 147 199 26.1

Detector: LEPD 20 mm
Source: disc 20 cm radius; distance: 10 cm Source: cylinder 10 ml (matrix: epoxy); distance: 10 cm

E|B 5 10 15 20 25 30 35 40 45 50 E|p 5 10 15 20 25 30 35 40 45 50
10 1.8 38 59 83 108 134 161 191 223 256 10 36 73 11.1 153 195 240 286 335 385 438
15 1.8 38 58 &1 105 13.0 157 186 21.6 249 15 37 75 114 156 199 244 29.1 341 392 446
20 14 30 47 6.6 85 106 128 152 17.6 202 20 3.6 7.3 111 152 194 239 285 333 384 436
30 08 20 32 45 59 74 90 107 125 143 30 34 7.0 108 148 19.0 234 279 326 37.6 427
50 01 09 19 30 42 55 6.8 82 9.7 112 50 27 63 99 139 18.0 223 268 31.5 363 414
70 04 00 08 1.7 28 309 52 65 79 94 70 20 52 87 125 165 207 251 297 345 394
100 08 09 07 01 06 15 26 38 50 064 100 1.2 37 6.7 102 139 17.8 220 263 309 357
150 1.1 16 18 16 12 06 02 12 24 37 150 08 26 50 80 113 150 189 232 277 324

200 12 1.8 22 21 19 13 06 04 15 29 200 06 22 44 72 104 140 179 221 266 315
300 13 20 24 25 23 18 1.1 0.1 1.0 25 300 05 20 41 68 99 134 17.2 215 260 309
500 13 21 26 27 25 21 14 05 07 22 500 05 1.8 39 65 95 13.0 169 21.1 257 306
Detector: p-type HPGe 100 cm®
Source: point; distance: 20 cm Source: cylinder 100 ml (matrix: water); distance: 0 cm

E|p 5 10 15 20 25 30 35 40 45 50 E|p 5 10 15 20 25 30 35 40 45 50
50 04 47 10.1 159 222 289 36.2 439 523 613 50 0.2 3.7 85 13.8 197 26.1 33.0 405 487 57.6
70 02 34 75 121 169 22.1 27.6 333 394 458 70 0.1 25 65 112 le66 225 290 362 439 524

100 01 22 53 91 13.0 172 21.7 264 31.2 363 100 0.0 1.5 43 8.0 124 175 233 29.7 36.7 445
150 00 13 36 65 97 133 171 21.1 253 298 150 00 08 27 54 87 127 173 226 285 352
200 00 1.0 29 54 83 115 150 188 227 269 200 0.0 07 22 44 73 108 149 196 249 309
300 00 08 23 45 7.1 101 134 169 206 246 300 00 05 18 38 63 94 131 174 222 278
500 00 06 20 39 63 91 123 156 192 23] 500 00 05 16 34 57 86 120 160 205 257
700 00 06 19 37 6.0 87 11.7 150 18.6 224 700 00 04 15 32 54 82 115 153 197 248

1000 00 05 1.7 35 57 83 112 145 18.0 218 1000 0.0 04 14 3.0 32 7.8 110 147 19.0 239

1500 00 05 1.6 32 53 79 108 140 174 21.1 1500 00 04 14 29 49 75 105 141 183 230

2000 00 05 15 31 52 7.6 105 137 17.1 208 2000 0.0 03 13 28 48 73 103 138 179 226

3000 00 04 15 30 50 74 103 134 168 205 3000 00 03 13 27 47 71 101 135 175 22.1

Detector: p-type HPGe 200 cm®
Source: disc 20 ¢m radius; distance: 0 cm Source: cylinder 1 1 (matrix: water); distance: 0 cm
E|p 5 10 15 20 25 30 35 40 45 50 E|p 5 10 15 20 253 30 35 40 45 50
50 05 02 04 17 32 48 67 9.0 11.0 134 50 09 54 107 16.6 229 296 368 446 529 618
70 04 04 01 1.2 27 43 62 85 107 132 70 05 37 7.8 123 173 224 279 338 399 464

100 04 05 00 1.0 25 4.1 6.1 84 10.7 134 100 02 23 51 86 124 164 207 254 30.1 352

150 03 06 02 07 20 36 56 79 103 130 150 0.1 1.3 32 57 86 11.7 152 19.0 228 269

200 03 07 04 0. 1.7 33 5.2 7.5 99 127 200 0.1 1.0 25 46 7.1 9.8 128 162 19.6 234

300 03 07 05 03 15 31 5.0 72 97 125 300 00 08 20 38 59 83 110 141 172 207

500 03 08 05 02 14 29 48 7.1 95 123 500 00 06 1.7 33 52 74 98 127 156 189

700 04 08 06 02 14 29 47 70 95 123 700 00 06 16 31 49 69 93 121 149 18.1

1000 04 0.8 0.6 01 13 28 47 70 94 123 1000 00 05 1.5 29 46 65 88 11.5 143 174

1500 04 0.8 06 0.1 1.3 28 47 7.0 94 123 1500 00 05 14 27 43 62 84 110 137 16.7

2000 04 08 06 01 12 27 46 70 94 124 2000 0.0 04 13 26 41 60 82 107 133 le4d

3000 04 09 06 0.1 1.2 27 46 70 95 124 3000 00 04 12 25 40 58 79 104 13.0 16.0
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Source: disc 1 cm radius; distance: 10 cm

Detector: p-type HPGe 500 em?

Source: Marinelli 5 | (matrix: epoxy)

E|lp 5§ 10 15 20 25 30 35 40 45 50 E|lp 5 10 15 20 25 30 35 40 45 50
50 19 7.7 142 21.5 294 381 477 582 699 826 50 01 07 19 34 53 71 92 116 141 168
70 1.2 58 11.6 179 246 32.0 400 487 58.1 683 70 01 06 18 34 53 72 93 118 143 17.1
100 0.6 3.7 83 135 193 257 325 400 479 56.6 100 02 04 14 29 47 67 88 113 139 16.7
150 03 22 53 93 140 193 251 315 383 458 150 02 01 08 21 37 55 75 99 124 152
200 02 1.7 42 75 115 161 213 271 333 402 2000 02 01 05 16 31 47 67 89 114 140
300 02 1.3 33 61 95 135 181 233 289 351 300 03 02 03 12 25 41 59 80 103 129
500 01 1.1 28 51 81 11.6 158 204 256 313 500 03 03 01 10 21 35 52 73 95 120
700 0.1 1.0 25 47 74 107 146 19.0 239 294 700 03 03 00 08 1.9 33 4.9 6.9 90 115

1000 0.1 09 23 43 6.8 99 135 176 223 275 1000 03 04 01 07 1.7 30 46 65 86 110

1500 0.1 0.8 20 39 62 90 124 163 207 256 1500 03 04 01 05 1.5 28 43 62 82 106

2000 0.1 07 19 36 58 85 118 155 198 246 2000 03 04 02 05 14 27 42 60 80 103

3000 0.1 07 18 34 55 81 112 148 189 235 3000 03 05 02 04 13 25 40 58 78 101

Detector: n-type HPGe 100 om?
Source: disc 5 em radius; distance: 0 cm Source: cylinder 100 ml (matrix: water); distance: 0 cm

E|p 5 10 15 20 25 30 35 40 45 50 E|p 5 10 15 20 25 30 35 40 45 50
10 36 79 12,6 182 244 314 392 481 582 695 10 28 63 102 149 20.1 260 32.6 400 482 575
15 35 75 12,0 173 233 300 375 460 556 0664 15 33 7.1 113 162 216 275 341 414 495 585
20 26 59 97 144 196 255 321 397 480 575 20 36 7.6 120 17.0 225 28.6 353 427 508 598
30 1.6 41 7.1 109 154 203 259 323 393 47.1 30 3.6 7.8 125 177 234 296 365 440 522 613
50 0.7 28 55 9.0 131 17.7 228 287 350 422 50 28 7.0 116 168 226 288 357 432 514 605
70 0.1 1.8 43 7.6 115 160 209 266 328 39.7 70 1.8 54 9.7 147 203 264 330 404 484 573

100 05 05 26 54 90 131 17.7 232 29.0 356 100 1.0 35 69 111 160 215 276 344 419 502
150 09 04 1.1 33 63 98 140 189 242 304 150 0.6 22 46 78 117 162 213 271 336 408
200 1.1 08 04 24 51 84 123 169 221 279 200 04 1.8 38 66 100 140 185 238 297 363
30 1.2 1.1 00 1.7 43 74 111 155 205 26.1 30 03 1.5 33 57 87 123 165 213 268 329
500 1.2 1.3 03 13 38 6.8 103 147 195 250 500 03 1.3 29 52 80 113 152 197 248 307
700 13 1.3 04 1.1 35 65 100 143 19.0 245 700 03 1.2 28 49 76 108 146 19.0 239 296

1000 13 14 06 1.0 33 62 97 139 186 241 1000 02 12 26 47 73 104 140 183 231 286

1500 14 1.5 07 08 31 60 94 136 183 237 1500 02 1.1 25 45 70 100 135 176 223 277

2000 14 1.5 07 07 30 58 92 134 181 235 2000 02 1.0 24 43 68 97 132 173 219 272

3000 14 16 08 07 29 57 91 133 179 233 3000 02 1.0 24 42 6.6 95 129 169 215 267

Detector: n-type HPGe 200 em’
Source: point; distance: 0 cm Source: Marinelli 1 | (matrix: epoxy)

E|lp 5§ 10 15 20 25 30 35 40 45 50 E|lp § 10 15 20 25 30 35 40 45 50
10 08 19 27 40 55 71 91 114 143 175 10 1.3 51 91 139 189 243 87.0 37.0 380 529
15 09 20 27 41 56 72 91 114 143 177 15 09 39 63 97 127 167 100 242 100 334
20 09 21 30 44 60 78 98 123 154 188 20 00 16 31 50 7.0 91 607 138 100 192
30 09 22 31 46 62 81 102 128 16.0 194 30 03 04 12 24 39 53 68 87 99 126
50 07 20 29 44 60 79 100 126 159 193 50 02 03 10 22 36 51 67 85 104 125
70 06 16 26 40 56 74 95 120 152 188 70 02 03 1.1 23 39 54 72 92 113 135
100 04 12 21 34 49 65 85 108 137 172 100 02 01 08 19 34 50 68 B89 11.1 134
150 02 08 1.5 26 38 53 7.0 91 116 147 150 02 02 03 12 25 39 356 75 96 119
200 02 06 13 22 33 47 62 81 104 132 200 02 02 01 09 20 33 49 67 87 110
30 01 05 1.1 19 29 41 56 73 94 120 30 02 03 00 06 16 28 43 6.1 80 101
500 01 05 10 1.7 26 38 51 67 87 110 500 02 04 01 04 13 25 39 56 75 96
700 0.1 04 09 16 25 3.6 49 64 83 105 700 02 04 02 04 12 23 37 354 72 93

1000 0.1 04 08 15 24 34 46 61 79 101 1000 02 04 02 03 11 22 36 52 70 91
1500 01 04 08 14 22 32 44 58 76 96 1500 02 04 03 02 10 21 34 50 68 89
2000 0.1 04 08 14 22 3.1 43 57 74 94 2000 02 05 03 02 09 20 33 49 67 88
3000 0.1 03 07 13 21 30 42 55 72 91 3000 02 05 03 01 09 19 32 48 66 87
Detector: n-type HPGe 500 em?®
Soruce: disc 5 cm radius; distance: 20 cm Source: cylinder 1 | (matrix: epoxy); distance: 0 cm

Elp 5 10 15 20 25 30 35 40 45 50 E|lp 5 10 15 20 25 30 35 40 45 50
10 37 7.7 11.8 161 20,6 254 303 355 409 46.6 10 28 64 11.0 163 227 299 383 478 586 71.0
15 38 7.8 120 164 21.0 259 31.0 363 418 47.7 15 28 64 108 159 21.8 286 363 452 551 665
20 3.8 7.7 11.8 16.2 20.7 255 304 357 41.1 4638 20 25 58 97 144 199 26.1 331 41.1 500 60.2
30 36 76 116 159 204 251 30.0 352 40.6 46.2 30 22 51 87 129 178 233 294 364 441 527
50 32 7.1 111 154 198 245 294 345 398 454 50 1.9 49 84 125 172 225 283 348 419 498
70 27 64 103 145 189 236 284 334 387 443 70 1.3 41 7.6 11.7 163 21.5 272 336 406 483

W00 19 51 88 128 17.0 215 262 312 363 418 100 06 28 59 97 141 191 246 307 37.6 450
150 12 37 6.8 104 142 184 228 274 323 375 150 01 16 39 71 109 154 204 26.1 324 394
200 1.0 3.1 58 90 126 165 206 250 297 347 200 01 1.0 31 58 93 134 180 233 292 358
300 08 26 49 78 11.1 147 186 227 272 319 300 02 07 24 48 79 11.7 159 208 264 326
500 07 22 43 70 100 133 17.0 209 252 297 500 03 04 20 41 7.0 105 144 19.0 243 30.1
700 06 20 40 65 94 126 161 200 241 285 700 03 03 1.8 38 65 99 137 181 232 288

1000 06 19 38 61 88 119 153 191 231 274 1000 04 02 16 35 61 93 130 173 222 277

1s00 05 1.7 35 57 83 113 145 181 221 263 1s00 04 01 14 32 57 87 123 164 21.1 265

2000 05 1.7 33 55 80 109 141 176 215 256 2000 04 01 13 31 55 84 119 159 206 258

3000 05 16 32 52 7.7 105 136 17.1 209 250 3000 04 00 12 29 52 81 115 155 200 252
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— 100 cm’ p-type HPGe detector: H = 52 mm,
Ro=26 mm, p=7.8 mm, i.e.p/Ry=30%; 100 cm’
cylindrical source (matrix: water), positioned at
the detector top, i. e. distance = 0; errors (when not
taking bulletization into account) are as high as
26% for 50 keV, 18% for 100 keV, and 8% for
1000 keV,

— 100 cm’ n-type HPGe detector: H = 52 mm,
Ry = 25 mm, p = 1.2 mm (slight/minimal
bulletization), i. e. p/Ry = 5%; 5 cm radius disc
source at the detector top; errors are negligible at
higher energies, but still 2-4% at low energies,

— 200 cm’ n-type HPGe detector: H = 63 mm,
Ry=32mm, p =8 mm,i. e. p/Ry=25%; 1000 cm’
Marinelli source (matrix: epoxy resin); errors are
19% for 10 keV, 7% for 20 keV, 3% for 100 keV
and 1% for 1000 keV, and

— thick LEPD: H=20 mm, Ry=18 mm, p=9 mm,
i. e. p/Ry=50% ; point source at 10 cm distance
from the detector end-cap; errors are 31-46% in
the energy range of interest.

Although it was not the aim of this work to ana-
lyse in detail the results obtained, some general con-
clusions on the bulletization effect could be made:

— there is an approximately quadratic 0 vs. p/R, de-
pendence (fig. 10); this is due to quadratic depend-
ence on p of the removed (when rounded) part of
the crystal vs. whole crystal volume,

— the effect is not negligible even for only
slightly/minimally bulletized detectors (e. g
P/Ry = 5%),

— for extreme bulletization (p/Ry > 50%) the above
quadratic dependence leads to extreme errors; this
is, however, more of theoretical than practical na-
ture,

— effect is more prominent at lower energies (figs. 9
and 10); it is therefore particularly important for
LEPD and n-type HPGe detectors,
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Figure 10. Illustration of  vs. p/R, quadratic dependence
for several gamma-energies (detector: p-type HPGe
500 cm®; source: disc, 1 cm radius; source-to-detector
distance: 10 cm)

— it is slightly more prominent for smaller sources;

— itis not much dependent on source matrix,

— the effect tends to be more prominent for close ge-
ometries; however, for some counting arrange-
ments, it is most prominent not at the closest one
(source placed on the top of the detector), but at a
somewhat higher one; then decreases at positions
further away, and

— as previously noted, bulletization impact will tend
to reduce when applying ET principle, i. e. when
comparing efficiency of the sample to that of the
reference source; if so, the impact can be estimated
by comparing (subtracting) the 5-values for the
two; when sample is similar to the reference/stan-
dard source and both are counted in the same condi-
tions, their d-difference will tend to zero, regardless
of bulletization (“near-relative” method of quanti-
tative gamma-spectrometry, featuring in ANGLE).

Results obtained and the above conclusions are
not surprising — these are readily explicable by the
physical nature of gamma-spectrometry process. The
same conclusions are, of course, valid regardless of
the modality of calculations applied. In the present
work it went about the exact mathematical/analytical
treatment — effective solid angle (2) — incorporating
geometrical solid angle, gamma emission in the
source, attenuation in the intercepting materials, in-
cluding source matrix and detector response, egs. (1)
and (2); similar findings when applying statistical
MC approaches (although fragmentary and on sim-
plified bulletization models) are reported elsewhere
[7-10].

Readers interested in more elaborate conclusions
may wish to explore the results which are available for
download in full detail in ref. [44], or to produce
new/targeted ones using the above approach/modelling
and/or ANGLE software.

CONCLUSIONS

When applying absolute or semi-empirical
methods for full energy peak efficiency calculations,
detector should be described in as much detail as pos-
sible. Among many parameters characterizing the de-
tector, crystal edge rounding (bulletization) is most of-
ten neglected, leading to systematic errors which may
be considerable — even unacceptable (tens of percent)
— especially for low gamma energies and close count-
ing geometries. The error made by not taking
bulletization into account is sharply increasing with
the extent of bulletization (bulletization radius) and
with decreasing energy.

In the present work the problem is mathemati-
cally/analytically solved — relevant formulae are de-
rived and subsequently programmed for numerical
calculations. This is now part of the commercially
available ANGLE 3 software. Extensive calculation
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testing (for more than 150 000 situations), with vary-
ing source, detector and counting geometry data, per-
formed in 10-3000 keV energy range, yielded valuable
evidence about the impact of detector bulletization on
gamma-efficiency. Analysts can compare their respec-
tive counting arrangements with these data so as to get
an idea of if/how to tackle the problem.

From the other side, ET approach in efficiency
calculations — intrinsic of ANGLE —is a good remedy
against incorrect (or poorly known) detector data,
bulletization included. ET tends to reduce error propa-
gation from these data into calculated efficiency. This
is particularly the case when actual source (shape, size,
matrix) and counting arrangement (distance, inter-
cepting layers) are closely similar to the refer-
ence/standard ones, i. e. in “near-relative” method of
quantitative gamma-spectrometry, as applied in AN-
GLE software.
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Hukona MUXAJBbEBWh, Anekcangap AJIABAY, Cnooopan JOBAHOBUH

YTULAJ 3AOB/BEIbA KPUCTA/IA NETEKTOPA HA N3PAYYHABAIBE
E®UNKACHOCTU AETEKHUJE 'AMA-3PAYEIbA - TEOPUJCKA PA3PATIA N
INPUMEHA Y CO®TBEPY ANGLE

IIpunukoM wn3padyHaBama e(UKACHOCTH MOJYIPOBOJHIMUKUX JETEKTOpa Trama-3padcwmha
nomohy arnconyTHux uiu (I0JTy )eMIMPHjCKUX METO/IA, TOTPEOHO je BeoMa IeTalbHO 3HATH KOHCTPYKIIMOHE
KapaKTEepUCTUKE AeTEeKTOpa — JUMEH3HUje U pacnope/KoHgurypaimje nojeJuHux 1e10Ba, MaTepujaiie of
KOJUX Cy HalpaBJbeHH, UT/. 3200JbeHe KpHUCTalla IeTEeKTOpa, YKOJIUKO ce 3aHeMapH (1ITo je Hajuenrhe
Ccllyyaj), MOXKe MPOy3pOKOBATH 3HaUajHy CUCTEMATCKy MPELIKY Y IpopavyHy eukacHocTi. OBO HAPOUUTO
JIOJ1a3H| JI0 M3paskaja Ha HUCKKMM I'aMa-eHeprujaMa u T3B. OJIMCKUM reoMeTprjama (Majia pactojama n3Bopa
3padema off jJeTekTopa). ['pemke pacty ca KBapaToM NOJNYIPEYHAKA 3a00JbeHa KpHCTama.
MaTeMaTHIKO/aHANUTUIKO PElIeHhe IpodieMa 10 cafa Huje OUIo MO3HATO U eJ1a00PUPAHO je y OBOM pajy
no mpBu myT. V3BeieHM cy MaTEMaTHUYKM M3pa3d KOojuMa ce 3a00JbeHe y3UMa y 003Up IPUINKOM
npopadyHa e(pUKACHOCTH JeTeKTOpa, U TO 33 HEKOJHMKO KapakTepucTuuHuX (y TMpakcu Hajuenrhux)
clly4ajeBa raMa-clieKTpOMETPUjCKUX Mepeta: U3BOPHU Yy OONIMKY Tauke, JUCKa, IUIUHApa 1 MapuHes I THIL.
M3BeneHu u3pasu cy BeoMa KOMIIJICKCHU ¥ IPOTPAMUPAHHU Cy TIOTOM 32 HYMEPUUKO PauyHaHE Y OKBUPY
koMmepuumjansor coprsepa ANGLE. [letamna nposepa nmpopauyHa ypabeHa je 3a UncTo repMaHujyMcKe
(HPGe) gerekTope n- u p-Tuna, Kao u 3a Huckoeneprercke aetekrope (LEPD). 3a cBaku Tun reTexropa
y3€TO je Y 0031p HEKOIMKO BEIMYMHA, KA0 ¥ MHOT'O Pa3IMYUTUX U3BOPA, HA PA3IUYUTUM PACTOjabIMa Off
nerekropa (0-20 cm). [TocmaTpaH je eHepreTcku omncer rama 3padema 10-3000 keV. [la 6u ce ucrakao
3Hayaj MUTama 3a00Jbemha IeTeKTOpa, ypabeHa je oOMMHa CTyAMja Ipomaraiyje T'pelike: pe3yiaTaTh
IIpopadyHa €(pUKACHOCTH ca y3UMambeM 3a00/bera y 003up U 0e3 Tora CUCTeMaTcku cy cpebenu u
ynopebern. Onrosapajyhe rpemike cy tabGemapHo gate y ucupnaoj Excel marorenu (Bume ox 152 000
pesyarara). [laToTeka ce MOXKe Npey3eTH ca IIOCeGHOT cajTa, a Mambi Opoj KapaKTepUCTUYHUX pe3ysTaTa
je nzabpan u npukaszan y pagy. ANGLE ce noka3ao Beoma NpakKTUUYHUM DPHIMKOM IIPOrpaMuparma OBOT
3ajlaTka U Op3WM TOKOM TpopadyHa. [loOmjerm pe3yiaraTd yOeA/bUBO WIYCTPYjy YTHUIA] 3200/heHa
KpHcCTala IeTeKTOpa, a TUMEe U oTpedy Aa ce y3My y 003up NPUINKOM padyHamwa epukacHocTu. HYak u
MaJio 3a00ibere (Tonynpednuka 1-2 mm) Huje 3aHeMapbUBO Y MHOTUM pealHUM Mepewuma. Yuranair,
rama-creKTpoMeTpucT Moke cajia (1) na ynopenu cBojy MepHy KOH(HUIypalyjy ca IofaiuMa 13 oBor paja
U THMe CTEKHE MPEJICTaBy O BEeJMYMHU Mpodiema (Tj. CBOje cCHCTeMaTcKe rpeiike), u (2) ga nmpumeHn
onucanu MaTemMatuuku Mopen u/unu ANGLE codTsep na pemn npodiem.

Kmwyune peuu: 3a06.memwe kpuciiiana 0ettieKimiopa, Hoayipo8o0HUYKU OellleKIopU, UpopaiyH
epuracrociuu, pouazayuja zpeutke, ANGLE cogitieep, zZama ciiexitipomeitipuja



