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In ab so lute and semi-em pir i cal cal cu la tions of full gamma-en ergy peak ef fi cien cies (ep), geo -
met ri cal/compositional data char ac ter iz ing the de tec tor should be known in much de tail.
Among these, de tec tor crys tal edge round ing (bulletization), if ne glected, may lead to large
sys tem atic er rors, es pe cially for low gamma-en er gies and close count ing ge om e tries. The er -
rors show qua dratic de pend ence on the ex tent of bulletization (bulletization ra dius). Math e -
mat i cal/an a lyt i cal so lu tion to the prob lem – not re ported so far – is elab o rated in the pres ent
work. Rel e vant math e mat i cal for mu lae are de rived for a num ber of count ing ar range ments
most fre quently en coun tered in gamma-spec trom e try prac tice (point, disc, cyl in der, and
Marinelli sources). These are sub se quently pro grammed for nu mer i cal cal cu la tions and are
now part of com mer cially avail able AN GLE soft ware. Ex ten sive cal cu la tion test ing is per -
formed for HPGe (both p- and n-type) and LEPD de tec tors (sev eral sizes each), with var i ous
sources (point, disc, cyl in der, Marinelli) and count ing ge om e tries (0-20 cm source-to-de tec -
tor dis tance). En ergy range con sid ered was 10-3000 keV. To elu ci date the sig nif i cance of the
is sue, an er ror prop a ga tion study was con ducted: re sults with bulletization taken into ac -
count are com pared to those when bulletization was ne glected. Cor re spond ing er rors are tab -
u lated in an ex ten sive Ex cel file. The file com prises about 152 000 er ror cal cu la tion re sults
which are avail able for down load; a few char ac ter is tic ones are se lected for pre sent ing in the
pa per. AN GLE proved handy (in pro gram ming) and fast (in cal cu la tions) when ac com plish -
ing this task. The data con vinc ingly il lus trate the im pact of de tec tor bulletization on
gamma-ef fi ciency and thus the need to ac count for. Even only slight bulletization (1-2 mm
bulletization ra dius) is not neg li gi ble in many re al is tic count ing sit u a tions. Reader/an a lyst
can (1) com pare his/her count ing sit u a tion with these data so as to get the first im pres sion of
the prob lem and (2) use the math e mat i cal model pre sented and/or AN GLE soft ware to ad -
dress the is sue.

Key words: de tec tor crys tal bulletization, semi con duc tor de tec tors, ef fi ciency cal cu la tions, er ror
prop a ga tion, AN GLE soft ware, gamma-spec trom e try

IN TRO DUC TION

Closed-end co ax ial ger ma nium de tec tors (HPGe,
both p- and n-types) are most of ten man u fac tured with
crys tal edges rounded (“bulletized”) to some ex tent, in
or der to smoothen elec tric field in the crys tal and thus
en hance col lec tion of charges pro duced by X- and
gamma-ray in ter ac tions (figs. 1 and 2) [1-5]. The same
is valid for thick (10-20 mm) semi-pla nar low-en ergy
pho ton de tec tors (LEPD) [1, 8]. Al though some man u -

fac tur ers tend re cently to re duce/min i mize bulletization 
of newly pro duced de tec tors (be cause it causes con sid -
er able ef fi ciency di min ish ing at close count ing ge om e -
tries and low en er gies), the fact is that vast ma jor ity of
de tec tors in use do have crys tals with rounded edges;
bulletization ra dius is typ i cally in 2-10 mm range
(5-50% of the crys tal ra dius) [1-13].

In ad di tion to rounded outer edge of the crys tal,
in ner cav ity (crys tal hole) is, in gen eral, also rounded
for the same rea son – im prov ing de tec tor re sponse to X- 
and gamma-ra di a tion (fig. 1). Both will be fur ther on in
the text re ferred to as de tec tor bulletization.
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In ab so lute (e. g. sta tis ti cal – Monte Carlo) and
semi-em pir i cal (e. g. ef fec tive solid an gle based) cal cu -
la tions of de tec tion ef fi ciency, geo met ri cal and
compositional char ac ter is tics of the de tec tor are re -
quested as in put pa ram e ters, one way or the other
[15-31]. Due to com plex shape and en gi neer ing struc -
ture of the de tec tor, its math e mat i cal/an a lyt i cal de scrip -
tion (mod el ling) is  al ways  sim pli fied  to  some  ex tent,
i. e. sys tem atic er ror is in ev i ta bly in tro duced into the
cal cu lated ef fi ciency. Monte Carlo (MC) sim u la tions
of fer an ad van tage in this sense over semi-em pir i cal
meth ods, en abling more ver sa til ity and com plex ity of
the de scrip tion, in clud ing bulletization. Even though,
ded i cated MC codes so far do not of fer bulletization op -
tion [10]. On the other side, semi-em pir i cal ap proaches
turned out to be gen er ally better suited for the job (ef fi -
ciency cal cu la tions) – of fer ing more prac ti cal ad van -
tages (better ac cu racy, less in put pa ram e ters, much
shorter com pu ta tion times, trans par ency, user-friend li -
ness and ease-to-use, fa vor able teach ing/train ing as -
pects, etc.), es pe cially when ef fi ciency trans fer (ET)
prin ci ple is ap plied [8-10, 26-28, 30].

No ex act math e mat i cal/an a lyt i cal so lu tion was
re ported so far on the ac count ing for the ef fect of crys -
tal bulletization in de tec tor ef fi ciency de ter mi na tion.
Es ti ma tions in vok ing the ne ces sity for ap pro pri ately
deal ing with this is sue were made on sev eral oc ca sions 
[7-10]. The same im pres sion we had from the ex ten -
sive feed back of the us ers of our AN GLE soft ware for
semi con duc tor de tec tor ef fi ciency cal cu la tions and
from our own ex pe ri ence [1, 32]. Fol low ing this need,
we have elab o rated an ex act math e mat i cal/an a lyt i cal
treat ment, which will be pre sented hereby. The
method is in cor po rated al ready into AN GLE code

[32-34]. For il lus tra tion/dem on stra tion pur poses, an
ex ten sive study was sub se quently con ceived, ex ploit -
ing AN GLE abil ity in eas ily vary ing gamma-spec -
trom e try in put pa ram e ters. Cal cu la tions were even tu -
ally per formed for a large num ber of pos si ble
gamma-spec trom e try count ing ar range ments/sit u a -
tions (about 152 000), elu ci dat ing in much de tail the
prac ti cal im pli ca tions (see fur ther). Re sults are sum -
ma rized in such a way that the reader (gamma-spec -
trom e try an a lyst) can eas ily es ti mate the ef fect/im pact
of de tec tor bulletization in his/her own con di tions –
mak ing thus the first step in ad dress ing the prob lem.
Sec ond step – solv ing the prob lem – may be ap ply ing
this ap proach or just sim ply us ing AN GLE soft ware.

THE O RET I CAL

Full-en ergy peak de tec tion ef fi ciency (ep) can be 
cal cu lated us ing the con cept of the ef fec tive solid an -
gle (W) [15-17, 35-41]. For a given  gamma-source (S)
and a semi con duc tor de tec tor (D) (fig. 3), the ef fec tive
solid an gle is de fined as

W W= òd
V SS D,

(1)

where VS is the source vol ume, SD – the de tec tor sur face
ex posed to the source (“vis i ble” by the source), and

d
TP n

TP

datt eff uW =
×

®

®

F F
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3
s (2)

Here T is the point vary ing over VS, P – the point vary -
ing over SD, and 

r
nu the ex ter nal unit vec tor nor mal to

in fin i tes i mal area ds at SD. Equa tion (1) is thus a five
fold in te gral. Fac tor Fatt ac counts for gamma at ten u a -
tion of the pho ton fol low ing the di rec tion TP

®
 out of the
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Fig ure 1. HPGe crys tals with rounded edges (bulletized); 
thick line rep re sents dead Ge layer; p-type HPGe (left),
n-type HPGe (mid dle), and LEPD (right) [1]

Fig ure 2. Bare HPGe crys tal pho to graph (left), de tec tor
radiographies, show ing mounted crys tal in side (mid dle
and right) [6, 7]; bulletization is clearly seen

Fig ure 3. To the def i ni tion of the ef fec tive solid an gle (W),
eq. (1)



de tec tor ac tive zone, while Feff de scribes the prob a bil -
ity of an en ergy degradable pho ton in ter ac tion with the 
ac tive de tec tor body (i. e. co her ent scat ter ing ex -
cluded), ini ti at ing the de tec tor re sponse. The two fac -
tors in clude there fore geo met ri cal and com po si -
tion-re lated pa ram e ters of the ma te ri als tra versed by
the pho ton.

Full-en ergy peak de tec tion ef fi ciency (ep) is sub -
se quently found as

e p =
P

T
W (3)

where P/T is the “vir tual” peak-to-to tal ra tio (“vir tual”
mean ing it is valid for a bare iso lated de tec tor crys tal in 
a vac uum) [15]. Fairly assuming that P/T is an in trin sic 
char ac ter is tic of the de tec tor crys tal (de pend ing on
gamma-en ergy only) [36, 41, 42], im plies that ep is
pro por tional to W. This pro por tion al ity en ables sim ple
con ver sion from the cho sen (say known – ac cu rate and 
re li ably de ter mined) ref er ence ge om e try (in dex ref) –
to that of the ac tual sam ple (un known ef fi ciency)

e ep p, ref
ref

=
W

W
(4)

Note that with such con ver sion (ef fi ciency trans -
fer – ET), as sump tion of P/T con stancy is prac ti cally
ex tended (for ef fi ciency de ter mi na tion) be yond its lit -
eral mean ing – thanks to par tial er ror com pen sa tion in 
W W/ ref  ra tio. The more the ac tual sam ple and count -
ing ge om e try re sem ble the ref er ence ones, the more
this stands.

For the pur pose of the pres ent work, ep to W pro -
por tion al ity helps to de rive con clu sions about ep vari a -
tions/be hav ior by an a lyz ing those of W .

De tec tor crys tal edge round ing (bulletization) is
de fined by its ra dius r (0 < r < R0, with R0 the de tec tor
ra dius, R0 < H, fig. 4). When ap ply ing eqs. (1) and (2)
to a point source T and bulletized closed-end co ax ial
HPGe de tec tor, we ob tain
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with n and
r
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Thus, co-or di nates of point PS3
are ob tained as the

cross-sec tion of straight line TP (where 
P P P PS S= =

1 2
or ), de fined by the equa tion
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and sur face S3 (de tec tor cur va ture), which is geo met ri -
cally rep re sented as a part of the to rus de fined by the
equa tion

S R x y

x y z R
3 0

2 2 2

2 2 2
0

2 2 2

4: ( ) ( )

[ ( ) ( ) ]

- + =

= + + + + - -

r

r r r (9)

Sub sti tut ing eq. (8) into eq. (9), yields a
fourth or der al ge braic equa tion. So lu tion to this
equa tion is an a lyt i cally ob tained us ing Ferrari’s al -
go rithm [43].

N. Mihaljevi}, et al.: Ac count ing for De tec tor Crys tal Edge Round ing in ...
Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2012, Vol. 27, No. 1, pp. 1-12 3

Fig ure 4. To the cal cu la tion of W for point source and
bulletized de tec tor, eq. (3)



In the above, co-or di nates of nor mal vec tor  
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thus avoid ing di vi sion by a close-to-zero num ber.
Ap ply ing the above math e mat i cal rea son ing to

some char ac ter is tic sources and count ing ge om e tries
typ i cally en coun tered in gamma-spec trom e try prac -
tice with semi con duc tor de tec tors, the fol low ing can
be ob tained (for sym bols used to de note in ter vals of
in te gra tion, see the cor re spond ing fig ures).

Disc source (co ax i ally po si tioned with de tec tor,
fig. 5)
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Cy lin dri cal source (co ax i ally po si tioned with
de tec tor, fig. 6)
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with T(r, 0, d + l).
Equations (10)-(13) are valid for sources with

ra dii larger than that of the de tec tor (r0 > R0); for
smaller sources (r0 < R0) sec ond term integrals are
omit ted.

Marinelli ge om e try is de scribed by
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Fig ure 5. To the cal cu la tion of W for disc source and
bulletized de tec tor, eq. (10)

Fig ure 6. To the calculation of W for cy lin dri cal source
and bulletized de tec tor, eq. (12)



Note that in fur ther elab o ra tion of the math e mat -
i cal anal y sis, round ing of the crys tal core (hole) was
also taken into ac count – ap pro pri ate re la tions are con -
tained within Feff fac tor. It is as sumed that core
bulletization ra dius is equal to hole ra dius, as is nor -
mally the case in prac tice (fig. 1). Be ing one of many
de tails de scrib ing the de tec tor, and hav ing in mind ex -
tremely ex ten sive fi nal for mu lae, this is not felt nec es -
sary to be pre sented more mi nutely hereby.

For thick LEPD (fig. 1), which have es sen tially
the same con fig u ra tion as closed-end co ax ial n-type
HPGe de tec tors, same equa tions as the above de rived
ones  are  valid.  If  R0 > H,  as  usual  with  LEPD,  then
0 < r < H (thus not 0 < r < R0).

Since ep is di rectly pro por tional to W,  eq. (3),
fur ther con clu sions about W are ap pli ca ble to ep – as
long as the pro por tion al ity holds, of course
[36, 41, 42]. Note that when the ef fi ciency trans fer
(ET) prin ci ple is used for ef fi ciency cal cu la tions, the
im pact of the un cer tain ties in de tec tor data (er ror prop -
a ga tion) tends to re duce due to par tial cancelling, eq.
(4), [11, 12, 27, 28]; as a mat ter of fact, this ap plies also 

to bulletization. The more ac tual sam ple (shape, size,
ma trix, beaker) and count ing ge om e try (source-to-de -
tec tor po si tion/dis tance) are close to ref er ence ones,
the more such er ror re duc tion is prom i nent. In this
sense – as pre vi ously sug gested – ET-prin ci ple ben e fi -
cially ex pands  W ap pli ca bil ity to ep cal cu la tions in re -
gions where the two in cline to slip ping out of the pro -
por tion al ity range (e. g. at low gamma-en er gies for
HPGe de tec tors, high gamma-en er gies for LEPD, for
bulky sources at close ge om e tries, etc.).

Fi nally, one should bear in mind that – when re -
gard ing the same de tec tor with and with out
bulletization – P/T is, strictly speak ing, not con cern ing
the same de tec tor any more. In ex act terms, the ep vs.  W
pro por tion al ity as sump tion should be ad justed in this
re spect. For the pur pose of the pres ent work this nu ance
will be ne glected, since the con clu sions to be de rived on 
bulletization er ror prop a ga tion, see fur ther, eq. (17), are
any how of in dic a tive/il lus tra tive na ture only. The same
ob ser va tion holds, af ter all, for an a logue er ror prop a ga -
tion stud ies of other de tec tor pa ram e ters (e. g. di men -
sions of the crys tal it self, dead lay ers, vac uum, end-cap,
low-Z win dow, hous ing, etc.) [15].

Need less to say, the above does not af fect the ex -
act ness of the math e mat i cal ap proach, eqs. (5)-(16) –
when cal cu lat ing de tec tion ef fi cien cies us ing ET prin ci -
ple, eq.  (4), it al ways goes about the same one de tec tor.
In gen eral, as far as re al is tic sit u a tions in gamma-spec -
trom e try are con cerned, we are on the safe side – no ma -
jor/un ac cept able strays due to P/T-con stancy as sump -
tion are ex pected.

AP PLI CA TION IN AN GLE
COM PUTER CODE

The above for mu lae were first in cor po rated by
2009 into ver sion 2.1 of AN GLE, our ef fi ciency cal cu -
la tion soft ware (com mer cially avail able) and, later on
– with en hanced pre ci sion and cal cu la tion speed – into
cur rent ver sion 3.0 [32-34]. A typ i cal AN GLE screen
(in clud ing bulletization data in put) is given in fig. 8.
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Fig ure 7. To the cal cu la tion of  W for Marinelli source and 
bulletized de tec tor, eq. (14)

Fig ure 8. AN GLE screen
il lus trat ing data in put, in clud ing crys tal 
bulletization



The soft ware of fers com fort able, trans par ent,
com pre hen sive and fast data ma nip u la tion, both for in -
put and out put. Be sides its pri mary func tion (ef fi -
ciency cal cu la tions), it en ables inter alia easy and il -
lus tra tive er ror prop a ga tion in ves ti ga tions – that is to
say ob serv ing the im pact of in put pa ram e ter vari a tions
on the fi nal gamma-spec trom e try re sult. For the pur -
pose of the pres ent work it served to bulletization
study, as fol lows. 

PRAC TI CAL IM PLI CA TIONS AND DIS CUS SION

The ef fect of de tec tor crys tal bulletization on the
ef fec tive solid an gle (W) – and hence on the ep-cal cu la -
tion re sult, eqs. (3) and (4) – is stud ied by en ter ing into
cal cu la tions var i ous in put pa ram e ters, namely: 

– de tec tor types and sizes (tab. 1)
-  HPGe p-type (vol ume = 100, 200, and 500 cm3),

- HPGe n-type (vol ume = 100, 200, and 500 cm3),
..and
- thick LEPD (thick ness = 10 and 20 mm),

– bulletization ra dius (r/R0 = 0-100%, in 5% in cre -
ments),

– source types and vol umes (tab. 2)
- point,
- disc (ra dius = 1, 2, 5, 10, and 20 cm),
- cyl in der (vol ume = 10, 100, and 1000 ml), and
- Marinelli (200, 500, 1000, 2000, and 5000 ml),

– source ma tri ces (wa ter, ep oxy resin C21H25ClO5

1.4 g/cm3, car bon ate rock CaCO3 2.71 g/cm3),
 – count ing ge om e tries (source to de tec tor end-cap

dis tance = 0, 10, and 20 cm), and
– gamma-en er gies (16 en er gies in 10-3000 keV

range).
Some of these are char ac ter is ti cally met in

gamma-spec trom e try prac tice, while the oth ers are
rather the o ret i cal. The lat ter case con cerns e. g. ex -
tremely bulletized crys tals (r/R0 > 50%) or sit u a tions
of very low ef fi cien cies (for in stance count ing with
p-type HPGe de tec tors be low 50 keV or with LEPD
above 500 keV).

Re sults are com pared to W-val ues with no
bulletization taken into ac count (r = 0). Rel a tive dis -
crep an cies (in %) are then cal cu lated as

d
r

[%]
( )

= - ×
W

W

0
1 100

( )
(17)

Since W(0)/W(r) » ep(0)/ep(r), d-val ues are the
er rors made in the ef fi ciency cal cu la tions by not tak -
ing bulletization into ac count.

With all com bi na tions of the above in put pa ram -
e ters (de tec tor, source, ge om e try, gamma-en ergy,
bulletization ra dius, etc.), a to tal of 152 640  W-cal cu -
la tions were per formed us ing AN GLE 3 soft ware.
Rel e vant   d-val ues, eq. (17), are sys tem atized per de -
tec tor-source-ma trix-dis tance in 480 ta bles in an Ex -
cel file, each ta ble (ex cept for 10 mm LEPD) con sist -
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Ta ble 1. Char ac ter is tics of the de tec tors used in the study

          Detector ®
Parameter [mm]

Thick LEPD
10 mm

Thick LEPD
20 mm

HPGe p-type
100 cm3

HPGe p-type
200 cm3

HPGe p-type
500 cm3

HPGe n-type
100 cm3

HPGe n-type
200 cm3

HPGe n-type
500 cm3

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 2.5 2.5 2.5 2.5 2.5 2.5

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 
(Be) 0.5 0.5 0.5 0.5 0.5 0.8 0.5 0.5

Ta ble 2. Char ac ter is tics of vo lu mi nous sources used in the study

            Source ®
Parameter [mm]

Cylinder
10 ml

Cylinder
100 ml

Cylinder
1 l

Marinelli
200 ml

Marinelli 
500 ml

Marinelli 
1 l

Marinelli 
2 l

Marinelli 
5 l

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 1 1



ing of 336 cal cu la tion re sults (16 en er gies for each of
21 r/R0 val ues). The file is too ex ten sive to be pre -
sented in te grally as a part of this ar ti cle, but can be
down loaded from AN GLE Web site [44]. For il lus tra -
tion, some of its con stit u ent ta bles are given in tab. 3 in
re duced forms (r/R0 £ 50%; Eg ³ 50 keV for p-type
HPGe; Eg £ 500 keV for LEPD). In fig. 9 ex am ples of
graph i cal rep re sen ta tion of the tab u lated d-val ues are
shown – for better per cep tion and eas ier con clud ing.

It should be noted that – de spite huge num ber of
in put files (nearly 10 000 re quired to be pre pared for
AN GLE cal cu la tions) – this study was rel a tively sim ple 
and easy to pro gram (one day work), ben e fit ing from
the soft ware built-in op tions for gamma-spec trom e try
stud ies. To tal cal cu la tion time was less than 10 hours on

a HP EliteBook 8540p lap top com puter (by uti liz ing all
four pro ces sor cores at the same time), i. e. only 0.23
sec onds on av er age per W-value and gamma-en ergy of
in ter est. Cal cu la tion time is so short thanks to the cal cu -
la tion op ti mi za tion built in AN GLE 3, whereby an or -
der of mag ni tude (or even two) sav ing in com pu ta tion
time is achieved. Note that the same study (i. e. the same
amount of cal cu la tion) us ing MC codes, es pe cially with 
com pa ra ble cal cu la tion pre ci sion (<10–5), would be
prac ti cally im pos si ble – tak ing months, even years.

Clearly and con vinc ingly re sults in tab. 3 con -
firm the ne ces sity for tak ing crys tal bulletization into
ac count in de tec tor ef fi ciency cal cu la tions. Let us only 
pay at ten tion to a few typ i cal sit u a tions which il lus -
trate this:

N. Mihaljevi}, et al.: Ac count ing for De tec tor Crys tal Edge Round ing in ...
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Fig ure 9. Iso met ric er ror rep re sen ta tion, il lus trat ing four cases from tab. 3
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Ta ble 3. Ex am ples of er rors (d, in %) made in W cal cu la tions (and con se quently in ep) by not tak ing de tec tor crys tal
bulletization into ac count, eq. (17), for var i ous de tec tors, sources, and count ing ge om e tries; b = r/R0 (in %) is a mea sure of
the bulletization; Eg is in keV; the data pre sented are ex cerpted from ex ten sive Ex cel file con tain ing 480 ta bles with 152 640 
cal cu lated d-val ues, down load able from ref. [44]
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– 100 cm3 p-type HPGe de tec tor: H = 52 mm,

R0 = 26 mm,   .r = 7.8 mm, i. e. r/R0  = 30%; 100 cm3

cy lin dri cal source (ma trix: wa ter), po si tioned at
the de tec tor top, i. e. dis tance = 0; er rors (when not
tak ing bulletization into ac count) are as high as
26% for 50 keV, 18% for 100 keV, and 8% for
1000 keV,

– 100 cm3 n-type HPGe de tec tor: H = 52 mm,

R0 = 25 mm, r = 1.2 mm (slight/min i mal

bulletization), i. e. r/R0 = 5%; 5 cm ra dius disc
source at the de tec tor top; er rors are neg li gi ble at
higher en er gies, but still 2-4% at low en er gies,

– 200 cm3 n-type HPGe de tec tor: H = 63 mm,

R0 = 32 mm, r = 8 mm, i. e. r/R0 = 25%; 1000 cm3

Marinelli source (ma trix: ep oxy resin); er rors are
19% for 10 keV, 7% for 20 keV, 3% for 100 keV
and 1% for 1000 keV, and

– thick  LEPD:  H = 20 mm,  R0 = 18 mm,  r  = 9 mm,

i. e. r/R0 = 50% ; point source at 10 cm dis tance
from the de tec tor end-cap; er rors are 31-46% in
the en ergy range of in ter est.

Al though it was not the aim of this work to ana -
lyse in de tail the re sults ob tained, some gen eral con -
clu sions on the bulletization ef fect could be made:
– there is an ap prox i mately qua dratic d vs. r/R0 de -

pend ence (fig. 10); this is due to qua dratic de pend -

ence on r of the re moved (when rounded) part of
the crys tal vs. whole crys tal vol ume,

– the ef fect is not neg li gi ble even for only

slightly/min i mally  bulletized  de tec tors  (e.  g.

r/R0 = 5%),
– for ex treme bulletization (r/R0 > 50%) the above

qua dratic de pend ence leads to ex treme er rors; this
is, how ever, more of the o ret i cal than prac ti cal na -
ture,

– effect is more prom i nent at lower en er gies (figs. 9
and 10); it is there fore par tic u larly im por tant for
LEPD and n-type HPGe de tec tors,

– it is slightly more prom i nent for smaller sources;
– it is not much de pend ent on source ma trix,
– the ef fect tends to be more prom i nent for close ge -

om e tries; how ever, for some count ing ar range -
ments, it is most prom i nent not at the clos est one
(source placed on the top of the de tec tor), but at a
some what higher one; then de creases at po si tions
further away, and

– as pre vi ously noted, bulletization im pact will tend
to re duce when ap ply ing ET prin ci ple, i. e. when
com par ing ef fi ciency of the sam ple to that of the
ref er ence source; if so, the im pact can be es ti mated

by com par ing (sub tract ing) the d-val ues for the
two; when sam ple is sim i lar to the ref er ence/stan -
dard source and both are counted in the same con di -

tions, their d-dif fer ence will tend to zero, re gard less 
of bulletization (“near-rel a tive” method of quan ti -
ta tive gamma-spec trom e try, fea tur ing in AN GLE).

Re sults ob tained and the above con clu sions are
not sur pris ing – these are readily ex pli ca ble by the
phys i cal na ture of gamma-spec trom e try pro cess. The 
same con clu sions are, of course, valid re gard less of
the mo dal ity of cal cu la tions ap plied. In the pres ent
work it went about the ex act math e mat i cal/an a lyt i cal
treat ment – ef fec tive solid an gle (W) – in cor po rat ing
geo met ri cal solid an gle, gamma emis sion in the
source, at ten u a tion in the in ter cept ing ma te ri als, in -
clud ing source ma trix and de tec tor re sponse, eqs. (1)
and (2); sim i lar find ings when ap ply ing sta tis ti cal
MC ap proaches (al though frag men tary and on sim -
pli fied bulletization mod els) are re ported else where
[7-10].

Read ers in ter ested in more elab o rate con clu sions
may wish to ex plore the re sults which are avail able for
down load in full de tail in ref. [44], or to pro duce
new/tar geted ones us ing the above ap proach/mod el ling
and/or AN GLE soft ware.

CON CLU SIONS

When ap ply ing ab so lute or semi-em pir i cal
meth ods for full en ergy peak ef fi ciency cal cu la tions,
de tec tor should be de scribed in as much de tail as pos -
si ble. Among many pa ram e ters char ac ter iz ing the de -
tec tor, crys tal edge round ing (bulletization) is most of -
ten ne glected, lead ing to sys tem atic er rors which may
be con sid er able – even un ac cept able (tens of per cent)
– es pe cially for low gamma en er gies and close count -
ing ge om e tries. The er ror made by not tak ing
bulletization into ac count is sharply in creas ing with
the ex tent of bulletization (bulletization radius) and
with decreasing energy.

In the pres ent work the prob lem is math e mat i -
cally/an a lyt i cally solved – rel e vant for mu lae are de -
rived and sub se quently pro grammed for nu mer i cal
cal cu la tions. This is now part of the com mer cially
avail able AN GLE 3 soft ware. Ex ten sive cal cu la tion
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Fig ure 10. Il lus tra tion of  d vs. r/R0 qua dratic de pend ence 
for sev eral gamma-en er gies (de tec tor: p-type HPGe
500.cm3; source: disc, 1 cm ra dius; source-to-de tec tor
dis tance: 10 cm)



test ing (for more than 150 000 sit u a tions), with vary -
ing source, de tec tor and count ing ge om e try data, per -
formed in 10-3000 keV en ergy range, yielded valu able 
ev i dence about the im pact of de tec tor bulletization on
gamma-ef fi ciency. An a lysts can com pare their re spec -
tive count ing ar range ments with these data so as to get
an idea of if/how to tackle the problem.

From the other side, ET ap proach in ef fi ciency
cal cu la tions – in trin sic of AN GLE – is a good rem edy
against in cor rect (or poorly known) de tec tor data,
bulletization in cluded. ET tends to re duce er ror prop a -
ga tion from these data into cal cu lated ef fi ciency. This
is par tic u larly the case when ac tual source (shape, size, 
ma trix) and count ing ar range ment (dis tance, in ter -
cept ing lay ers) are closely sim i lar to the ref er -
ence/stan dard ones, i. e. in “near-rel a tive” method of
quan ti ta tive gamma-spec trom e try, as ap plied in AN -
GLE soft ware.
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UTICAJ  ZAOBQEWA  KRISTALA  DETEKTORA  NA  IZRA^UNAVAWE 
EFIKASNOSTI  DETEKCIJE  GAMA-ZRA^EWA  –  TEORIJSKA  RAZRADA  I 

PRIMENA  U  SOFTVERU  ANGLE

Prilikom izra~unavawa efikasnosti poluprovodni~kih detektora gama-zra~ewa
pomo}u apsolutnih ili (polu)empirijskih metoda, potrebno je veoma detaqno znati konstrukcione 
karakteristike detektora – dimenzije i raspored/konfiguracije pojedinih delova, materijale od
kojih su napravqeni, itd. Zaobqewe kristala detektora, ukoliko se zanemari ({to je naj~e{}e
slu~aj), mo`e prouzrokovati zna~ajnu sistematsku gre{ku u prora~unu efikasnosti. Ovo naro~ito
dolazi do izra`aja na niskim gama-energijama i tzv. bliskim geometrijama (mala rastojawa izvora 
zra~ewa od detektora). Gre{ke rastu sa kvadratom polupre~nika zaobqewa kristala.
Matemati~ko/analiti~ko re{ewe problema do sada nije bilo poznato i elaborirano je u ovom radu
po prvi put. Izvedeni su matemati~ki izrazi kojima se zaobqewe uzima u obzir prilikom
prora~una efikasnosti detektora, i to za nekoliko karakteristi~nih (u praksi naj~e{}ih)
slu~ajeva gama-spektrometrijskih merewa: izvori u obliku ta~ke, diska, cilindra i Marineli tip.
Izvedeni izrazi su veoma kompleksni i programirani su potom za numeri~ko ra~unawe u okviru
komercijalnog softvera AN GLE. Detaqna provera prora~una ura|ena je za ~isto germanijumske
(HPGe) detektore n- i p-tipa, kao i za niskoenergetske detektore (LEPD). Za svaki tip detektora
uzeto je u obzir nekoliko veli~ina, kao i mnogo razli~itih izvora, na razli~itim rastojawima od
detektora (0-20 cm). Posmatran je energetski opseg gama zra~ewa 10-3000 keV. Da bi se istakao
zna~aj pitawa zaobqewa detektora, ura|ena je obimna studija propagacije gre{ke: rezultati
prora~una efikasnosti sa uzimawem zaobqewa u obzir i bez toga sistematski su sre|eni i
upore|eni. Odgovaraju}e gre{ke su tabelarno date u iscrpnoj Ex cel datoteci (vi{e od 152 000
rezultata). Datoteka se mo`e preuzeti sa posebnog sajta, a mawi broj karakteristi~nih rezultata
je izabran i prikazan u radu. AN GLE se pokazao veoma prakti~nim prilikom programirawa ovog
zadatka i brzim tokom prora~una. Dobijeni rezultati ubedqivo ilustruju uticaj zaobqewa
kristala detektora, a time i potrebu da se uzmu u obzir prilikom ra~unawa efikasnosti. ^ak i
malo zaobqewe (polupre~nika 1-2 mm) nije zanemarqivo u mnogim realnim merewima. ^italac,
gama-spektrometrist mo`e sada (1) da uporedi svoju mernu konfiguraciju sa podacima iz ovog rada
i time stekne predstavu o veli~ini problema (tj. svoje sistematske gre{ke), i (2) da primeni
opisani matemati~ki model i/ili AN GLE softver da re{i prob lem.

Kqu~ne re~i: zaobqewe kristala detektora, poluprovodni~ki detektori, prora~un
..........................efikasnosti, propagacija gre{ke, AN GLE softver, gama spektrometrija


