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Safe guards sys tem with high ef fec tive ness and ef fi ciency must com prise a set of mea sure ments 
with ca pa bil i ties sat is fac tory for the ver i fi ca tion of nu clear ma te ri als. In this pa per, we present 
key pa ram e ter mea sure ments of de tec tor mod el ing in a com mer cial n-type low en ergy ger ma -
nium de tec tor of a pla nar crys tal with a rel a tive ef fi ciency of nearly 15 %.  The de tec tor op ti -
mi za tion will hold a sig nif i cant func tion in mea sur ing nu clear ma te ri als for safe guards ap pli -
ca tion.  Stan dard nu clear ma te ri als with di verse en rich ment (de pleted and low en riched) of
ura nium and point-like sources (137Cs, 60Co)  and mixed ra dio ac tive source for Eu iso topes
(152Eu, 154Eu, and 155Eu) were bene fited to ex plore the en ergy res o lu tion and de tec tor ef fi -
ciency. The en ergy res o lu tion is mea sured over a wide range of rise time and flat top. In ad di -
tion to the ex per i men tal work, the Monte Carlo sim u la tion code is used for mod el ing the
setup con fig u ra tion to ob tain the ab so lute ef fi ciency at dif fer ent en er gies. A fast and re li able
method was ap plied in de tec tor ef fi ciency mea sure ments. The data are dis cussed and in ter -
preted.

Key words: HPGe de tec tor, dig i tal sig nal pro cess ing, gamma-ray,
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IN TRO DUC TION

Ura nium en rich ment mea sure ments are of high
sig nif i cance in nu clear mea sure ments. Such mea sure -
ments are re garded as a cru cial met ric for en sur ing that
nu mer i cal ma te ri als (NM) are mon i tored to ward
peace ful ob jec tives in nu clear ap pli ca tions and tech -
nol ogy, es pe cially for inspectionf nu clear safe guards
in ten tions on a lo cal and in ter na tional ba sis.

Con duct ing such in spec tions with out in ter rup -
tion of the nu clear fa cil i ties while op er at ing can be re -
al ized by ver i fi ca tions of high speed and more ac cu -
racy.  Such in spec tion tech niques are sup posed not to
in flu ence the quan tity of NM, i. e., non-de struc tive as -
say (NDA), and this can be per formed by the use of de -
tec tion tech niques based on gamma-ray spec trom e try
for char ac ter iza tion and mea sure ment of NM [1].

To max i mize ef fec tive ness as well as the ef fi ciency 
of a State Sys tem of Ac count ing for and Con trol as a
mea sur ing sys tem, cov er ing all types as well as cat e go -
ries of NM is a must, which re flects its mea sur ing ca pa -
bil ity, but it should meet the mea sur ing cri te ria as well.
Ac cord ingly, a va ri ety of mea sur ing tech niques should
be uti lized with ad ap ta tion to the re sources avail able.

Such tech niques can be bulk mea sure ments in ad di tion to 
de struc tive and non-de struc tive sys tems. In the case of
non-de struc tive NM as say, the gamma spec trom e ter is
one of the ac ces si ble tools with pow er ful fea tures, in -
clud ing an HPGe de tec tor [2, 3].

For each ver i fied NM, ef fi ciency cal i bra tion must 

be ac com plished for the uti lized de tec tor. Through out

the se lec tion of ap pro pri ate NM stan dards for the cal i -

bra tion of the mea sur ing sys tem, both ver i fied NM fea -

tures and ex per i men tal set-up con fig u ra tion are of great

im por tance to con sider. Such tech niques may be cat e -

go rized as rel a tive, semi-ab so lute, or ab so lute de pend -

ing on the phys i cal stan dards for the cal i bra tion of mea -

sur ing de vices. Ob tain ing pre cise re sults can be

achiev able when stan dard NM, with fea tures anal o gous 

to the ver i fied sam ples, is uti lized in the cal i bra tion pro -

cess. Nev er the less, due to the lack of ac cept able stan -

dards, a suit able cal i bra tion curve of ten can not be es tab -

lished. How ever, over com ing this is sue can be re al ized

us ing the Monte Carlo method. Such a method can be

em ployed for sim u lat ing the ex per i men tal set-up as

well as the ra di a tion de tec tion pro cess, which per mits

each mod eled ex per i ment to ac quire ef fi ciency cal i bra -

tion curves [4, 5].
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Since many years ago, the in creas ingly pop u lar
Monte Carlo sim u la tion tech nique [6-8] was em -
ployed by sev eral au thors for sim u lat ing the
gamma-ray de tec tion pro cess. The tech nique was ex -
ploited for cal cu lat ing the re sponse traits of di verse
types of ger ma nium de tec tors at mono-en er getic as
well as di verse ranges of gamma-ray [9-17]. Be sides,
Monte Carlo method was also uti lized to cal i brate de -
tec tors ef fec tively, ei ther by a di rect method or with
other ex per i men tal mea sure ments in com bi na tion [6,
7, 18-26]

The HPGe de tec tors with the re quired ef fi ciency
of gamma ra di a tion reg is tra tion can be cooled by the
liq uid ni tro gen or the elec tro me chani cal cooler. The
ef fi ciency cal i bra tion was made us ing the stan dard
sources in point ge om e try as well as by us ing the com -
plex cal cu la tion of the ef fi ciency curves us ing the
Monte Carlo sim u la tion method. The us age of vol u -
met ric ac tiv ity sources was nec es sary for de tec tor cal i -
bra tion [27].

It is more prob a ble than many as sume that
gamma-ray mea sure ments with HPGe de tec tors at high
count rates are de manded to be per formed. For in stance, 
this can be found in radiochemistry, safe guards, neu tron 
ac ti va tion anal y sis, and nu clear med i cine. Count rates
can not be re duced by in creas ing the dis tance or by uti -
liz ing collimators. In this mea sure ment sit u a tion, the
ob sta cle is to ac quire the best data. The best is a com bi -
na tion, over a wide span of count rates, of sta tis ti cal
(num ber of counts) and spec tral qual ity con sid er ations
(peak width and po si tion). Multi-chan nel an a lyz ers
(MCA) de vel op ment by the as sis tance of dig i tal sig nal
pro cess ing (DSP) makes it likely to de velop a broader
range of shap ing times val ues and de tec tor sig nal pro -
cess ing in dif fer ent path ways for per for mance im -
prove ment with pulse-by-pulse ad just ments [28].

The big gest prob lem is the ex ten sive count-rate
range count ing as it puts ex treme con straints on the
sta bil ity of the sys tem: peak lo ca tion as well as res o lu -
tion. How ever, re gard ing tem per a ture and count rate,
DSP-based spec trom e ters as the new est gen er a tion
dem on strate in cred i bly high sta bil ity. The spec trum
peak full with at half max i mum (FWHM) is de pend ent 
on the shap ing time where a short shap ing time does
not com prise all the preamplifier pulse, while in the
case of long shap ing time, it con tains ex ces sively sig -
nal noise. With the shap ing time adapted to the out put
sig nal of the de tec tor preamplifier, the best (small est)
FWHM is at tained [29].

The pur pose of this study is the op ti mi za tion of
the HPGe de tec tor re sponse us ing a fast and re li able
method.  The main tar get of this pa per is achiev ing the
sta bil ity and smooth be hav ior in FWHM val ues for the 
photo peaks and main tain the Gaussi an shape with out

ap pear ing tail and ob tained other pa ram e ters.  All sam -
ples mea sured are au tho rized by the Egypt-IAEA
safe guards agree ment. Sam ples of ref er ence NM be -
long to the key mea sure ment point lo cated out side the
fa cil ity at Egyp tian Nu clear & Ra dio log i cal Reg u la -
tory Au thor ity.

EX PER I MEN TAL SET-UP AND
TECH NIQUES MEA SURE MENT

In the ex per i men tal work, the sys tem of mea -
sure ment in volves a ger ma nium de tec tor of high pu -
rity with the Can berra GL0515R model and an ac tive
area of 540 mm2. While the height is 1.5 cm, the
FWHM is 540 eV at 122 keV. A cryostat [model 7905
SL-5], as well as the cool ing sys tem of 5 L Dewar con -
tain ing liq uid ni tro gen, are pro vided to the mea sur ing
sys tem.  Col lect ing the pulses of en ergy in put was ac -
com plished by us ing a MCA [in spec tor, model IN2K],
whereas the de tec tor was set at a high volt age of 2500
V, and the com puter was em ployed for sys tem con trol
[30-32]. For ex per i men tal mea sure ments, two sam -
ples of stan dard NM sam ples have been uti lized with a
cy lin dri cal shape, de pleted and low en riched (2.95 %). 
The sam ples were po si tioned in an alu mi num cy lin dri -
cal can (alu mi num type 6061 (ASTM-GS T6)), which
con tains 200.1 g of U3O8 (the spec i fi ca tions in tab. 1)
[33]. The can ex ter nal di am e ter is 80 mm, the in ter nal
di am e ter is 70 mm, and the height is 89 mm, while
com pact pow der fill height is (20.8 ± 0.5) mm for all
sam ples. The sam ple was placed fac ing the de tec tor.
Also, point sources were used in this mea sure ment
with the spec i fi ca tions pre sented in tab. 2 [34, 35].
Fig ure 1 shows the ex per i men tal set-up con fig u ra tion
to mea sure the count rates and FWHM at dif fer ent en -
ergy lines. The live time is ad justed at 900 sec onds, for
Point Sources and stan dard nu clear ma te ri als (SNM).
The used sam ples are closed to the Al- cape of the de -
tec tor. The DSP fil ter is ad justed where the rise time
(RT) is changed from 0.4 to 38 µs, and the flat top if
fixed at the de fault value at 0.8 µs. The re sulted spec -
trum is shown in fig. 2.
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Ta ble 1. Char ac ter is tics of some ura nium-bear ing
cy lin dri cal sources [33]

Source
No.

E mass
per cent*

To tal mass
of sam ple

[g]

To tal mass
of U in a

sam ple [g]

Mass of
235U (g)

S1 0.3166 ± 0.0002 200.1 169.681 0.526

S2 2.9492 ± 0.0021 200.1 169.681 5.006

*E is 235U en rich ment in mass per cent

Ta ble 2. Gamma ra di a tion from some point sources [34, 35]

Source 152EU 137Cs 60Co 154Eu 60Co 152Eu

En ergy line [keV] 121.8 244.7 344.3 661.7 1173.2 1274.8 1332.5 1408.01

Ac tiv ity (Bq) × 104 1.1766 3.7 31.957 1.2099 31.957 1.1766



MCNP CAL CU LA TIONS

The MCNP is an ad vanced Monte Carlo sim u la -

tion pro gram that pro vides all re quired cross-sec tional

data for mea sure ments of the neu tron, pho ton as well as

elec tron trans port.  Monte Carlo sim u la tion is re garded

as a ran dom num bers se quence that takes place

through out the sim u la tion. The sim u la tion, based on re -

peat ing this se quence, will yield re sults in agree ment

with the ob tained ones by the first se quence to within

some sta tis ti cal er ror [36]. Com put ing the ab so lute de -

tec tor ef fi ciency was at tained by the gen eral Monte

Carlo code (MCNP-5) [24]. For the in ten tion of sim u -

lat ing the ex per i men tal setup and ac cord ing to avail able 

de tails, mod el ing of both spec i fi ca tions and char ac ter is -

tics of pla nar HPGe de tec tor as well as uti lized sam ples

was ac com plished. To run this cal cu la tion, eight in put

cre ated files are re quired, which use 108 his to ries (num -

ber of pho tons) with a run time of 35 min utes. The em -

ployed lap top has spec i fi ca tions of 2.5 GHz Intel Core

i5 pro ces sor, where the de tec tor pulse height can be de -

ter mined by tally F8. The ab so lute de tec tor ef fi ciency

was cal cu lated by F8 at dif fer ent en ergy lines.

RE SULTS AND DIS CUS SION

En ergy res o lu tion

En ergy res o lu tions of ger ma nium de tec tors
com monly de note the FWHM of a gamma peak. Good
en ergy res o lu tions are crit i cal for nar row ing the re gion 
of in ter est, sep a rat ing the sig nals from the back -
ground, and im prov ing the sen si tiv ity of the ex per i -
ment [37]. The DSP, which is built into MCA, is the
best se lec tion of mea sur ing per for mance at a va ri ety of 
rise times and flat tops. It has be come a stan dard in the
nu clear spec tros copy mea sure ment field for high per -
for mance lab o ra tory in stru ments.

RISE TIME AND FLAT TOP OP TI MI ZA TION

In the case of the ura nium sam ple, the rise time is
changed from 0.4 µs to 38 µs, the flat top still con stant
at 0.8 µs. Each time, the FWHM is re corded.  The used
sam ples are with dif fer ent en rich ment (low and de -
pleted).

Fig ure 3 shows that the changes of FWHM with
the rise time.  It is ev i dent that the val ues of two curves
were closed to each other un til at rise time <5 µs and it
di verged above that value. At those val ues, the FWHM 
in creased with in creas ing the rise time for SNM. In
tab. 3, the rise time is fixed at 13.6 µs at dif fer ent val -
ues of the flat top.

The re sults in tab. 3 pre sented that the pre ferred
range for the flat top val ues that gave close and sta ble
val ues for FWHM at en ergy line 185.7 Kev was from
0.4 to 2.2 µs. Be fore this range, the re sults ap peared
great de vi a tion in FWHM val ues vs. the flat top val ues
but af ter this range, the re sults ap peared slightly
changed in FWHM val ues with the flat top val ues.
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Fig ure 1. The ex per i men tal set-up con fig u ra tion of the
HPGe de tec tor and SNM

Fig ure  2. The full spec trum of
the point sources



In the case of point sources, the chang ing of
FWHM with the rise time val ues had the same be hav ior
in a wide range of en ergy lines. The en ergy lines that 
used  in  this  anal y sis  were 121.8, 244.7, and 344.3 Kev 
for 152Eu, 661.7 Kev for 137Cs, and 1173.2, 1332.5 Kev
for 60Co as shown in fig. 4. The re sults showed that the
FWHM value slightly fluc tu ated at rise time <11.2 µs
and be came more sta ble af ter this value un til reached to
30 µs and then be gan to de vi ate from the sta bil ity range,
while the rise time was fixed at 13.6 ms that was laid in
the sta bil ity range from fig. 4.

Ta ble 5 de scribes the data spec trum FWHM for
point sources at dif fer ent en ergy lines for fixed rise
time 13.6 ms.  The flat-top was changed be tween 0.1 ms 
and 3 ms. The data showed that the change of FWHM
slightly fluc tu ated at flat top val ues less than 0.6 ms
and then be gan to be more sta ble un til 3 ms.

From this op ti mi za tion the FWHM was ob tained 
at (rise time = 13.6 and flat top = 0.8) for point sources
and fit ted as a func tion of the gamma peak en ergy (in
keV) by [38]

FWHM a E b= ´ + K (1)
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Fig ure 3. The ef fect of rise time changes with
the FWHM at en ergy line 185.7 keV

Ta ble 3. Data spec trum FWHM for low en riched SNM
(2.95 %) at en ergy line 185.7 keV for fixed rise time

Flat top [µs] Rise time [µs] FWHM [keV]

3

13.6

0.805

2.6 0.823

2.2 0.825

1.8 0.817

1.4 0.823

1 0.838

0.8 0.851

0.6 0.865

0.4 0.888

0.2 1.283

Fig ure 4. The ef fect of rise time
changes with the FWHM at
dif fer ent en ergy lines

Ta ble 4. Data spec trum FWHM for point sources at dif fer ent en ergy lines for fixed rise time

Flat top [µs]
152Eu 137Cs 60Co

121.8 keV 244.7 keV 344.3 keV 661.7 keV 1173.2 keV 1332.5 keV

0.1 0.700 0.631 0.959 1.333 1.769 2.018

0.6 0.681 0.734 0.890 1.26 1.613 1.701

1.2 0.704 0.704 0.959 1.219 1.659 1.726

1.8 0.719 0.831 0.972 1.25 1.681 1.746

2.2 0.714 0.798 0.988 1.232 1.671 1.768

3 0.726 0.845 0.906 1.205 1.654 1.708



where E is the gamma peak en ergy and a, b are the co -
ef fi cients that ob tained from lin ear fit ting equa tion  y =
a + b×x where a = –0.5698 and b = 20.56385. The re -
sults shown in fig. 5 pres ent the FWHM of en ergy lines 
121.8, 244.7, 344.3, and 1408.01 keV for 152Eu,
1173.2, 1332.5 keV for 60Co and1274.8 keV for 154Eu.

OP TI MI ZA TION OF LIVE TIME AND FWHM

The live time was op ti mized by in creas ing its val -
ues from the 300-1800 sec onds. Each run the FWHM
was re corded. The re sults showed that there were slight
changes in FWHM val ues in the range from 300 to 800
sec onds af ter which the val ues be gan to be more sta ble.
This in di cates that the pre ferred value of live time has
been started from the 900 sec onds and it was cho sen in
this work.  The ef fect of FWHM with live time is shown
in fig.  6. 

LIN EAR ITY

The lin ear ity of ger ma nium de tec tor re sponses
to dif fer ent en ergy de po si tions is typ i cally out stand -
ing, which is re flected by the good ness when the en -
ergy cal i bra tion curve is fit ted to a lin ear func tion.
Good lin ear ity gives rise to a def i nite dis tinc tion be -
tween var i ous phys i cal events based on en ergy in for -

ma tion.  For study ing the lin ear ity for en ergy re sponse
of HPGe de tec tor, cor re spond ing point-like sources
de scribed in tab. 2, were mea sured. Con sid er ing that
the gamma-ray with the larg est en ergy is the 1408.01
keV for 152Eu, the sum ma tion peak that re sulted from
the co in ci dence ef fect of the two gamma rays of 60Co
was also uti lized for com pen sa tion of the prob a ble de -
vi a tion from lin ear ity in the high en ergy re gion dur ing
the fit ting pro cess. The lin ear ity of the de tec tor is no ta -
bly good, as ob served in fig. 7. where the en ergy lines
that used are 121.8, 244.7, 344.3, and 1408.01 Kev for
152Eu, 661.7 Kev for 137Cs, 1173.2, 1332.5 Kev for
60Co and 1274.8 Kev for 154Eu and the lin ear fit ting
co ef fi cients are a = –4.00938 and b = 5.24973.

EF FI CIENCY

The ab so lute de tec tion ef fi cien cies of the (HPGe)
de tec tor were mea sured us ing the cer ti fied Point
sources (137Cs, 60Co, and mixed ra dio ac tive source for
Eu iso topes), and the in volved gamma rays are listed in
tab. 2, fig. 8 shows the ef fi ciency curves for the ex per i -
men tal and cal cu lated re sults as a func tion of the
gamma-ray en ergy (in keV), which is fit ted by

eff A
E

t
y= -

æ

è
çç

ö

ø
÷÷ +1

1
0exp (2)
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Fig ure 5. En ergy res o lu tions of the HPGe de tec tor

Fig ure 6. The ef fect of live time changes vs. the FWHM 
at dif fer ent en ergy lines

Fig ure 7. Lin ear ity of the en ergy re sponse of the HPGe 
de tec tor

Fig ure 8. Ab so lute de tec tion ef fi cien cies of the HPGe
de tec tor



where eff is the ab so lute de tec tion ef fi ciency, E – the
gamma-ray en ergy, and the co ef fi cients A1, t1, and y0

have val ues 0.00514, 0.41781, and 113.90 for the ex -
per i men tal curve and 0.00525, 0.43379, and 111.02
for the cal cu lated curve.

The ab so lute de tec tion ef fi cien cies were cal cu -

lated by MCNP code. Eight in put files were cre ated for 

each en ergy line to cal cu late the ab so lute ef fi ciency

us ing tally (F8). The in put file con tains ac cu rate in ter -

nal di men sions for the used de tec tor, as well as, the

setup con fig u ra tion, as a whole.  The cal cu lated re sults 

were matched with the ex per i ment within an ac cu racy

of less than 4 %.  So, the mea sured ef fi ciency curves

with the cal cu la tion of ef fi ciency curves by the Monte

Carlo sim u la tion code pro vide a fast and re li able

method in safe guards ap pli ca tion.
Co in ci dence sum ming cor rec tions for the point

sources at each mea sured peak en ergy (Ei) were taken
into con sid er ation.  The co in ci dence sum ming cor rec -
tion fac tor (Fcorr) was cal cu lated by es tab lish ing the ra -
tio be tween the cer ti fied ac tiv ity (A(Ei)) of the
radionuclide and the cal cu lated ac tiv ity (Acal(Ei)) from 
the eval u a tion of the gamma-ray spec tra [39].

F E
A E

A E
i

i

i
corr

cal

( )
( )

( )
= (3)

CON CLU SIONS

The sig nif i cant pa ram e ters in safe guards mea -
sure ments us ing HPGe de tec tor are op ti mized in mea -
sur ing of NM and point-like sources. Study ing the
shap ing time is the main fac tor for FWHM im prove -
ment. We have found from re sult anal y sis, that there is
a cer tain range of shap ing time at which the com pat i -
bil ity in the mea sure ments takes place where the rise
time at range 13.6-21.6 µs is con sid ered as the best
range that gave the best value of FWHM at en ergy line
185.7 keV for SNM sam ples. The dead time can be
treated by geo met ri cal set ting, and flat top at a range
from 0.4 to 2.2 µs, while for point sources the best flat
top value is from 0.6 to 3 µs, in which the FWHM is at
sta ble val ues and gave per fect shape for the photopeak
at used en ergy lines that cov ered a wide range in mea -
sure ment scale. The per fect rise time range for point
sources was 11.2 to 30 µs. This range showed the sta -
bil ity and smooth be hav ior in FWHM val ues, as well
as, the peak shape takes Gaussi an shape with out ap -
pear ing tail that de stroyed the peak shape and causes
dis tur bance in the area un der the peak and the mea -
sure ment re sults as a whole. There fore, those val ues
can be rec om mended.  Fast and re li able meth ods were
ap plied by mod el ing the ex per i men tal set-up us ing
MCNP-5 code with dif fer ent point sources.  The com -
par i son of the cal cu lated ab so lute ef fi ciency and those
ob tained from the mea sured re sults dem on strate that
the ac cu racy is less than 4 %. This method gave ac cu -

rate and fast op ti mi za tion for the de tec tor re sponse and 
it could be rec om mended in safe guards ap pli ca tion.

AU THORS' CON TRI BU TIONS

The idea of the work was sug gested by the au -

thors dur ing a sci en tific meet ing of the team. Re la tion -

ship build ing, im ple men ta tion, the work of codes,

writ ing, and re vis ing the pa per were achieved through

joint and equal ef forts of the four au thors.
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OPTIMIZACIJA  ODZIVA  HPGe  DETEKTORA  KORI[]EWEM
 BRZE  I  POUZDANE  METODE

Sistem sigurnosne za{tite sa visokom postojano{}u i efikasno{}u mora da sadr`i skup 
mera sa osobinama zadovoqavaju}im za verifikaciju nuklearnih materijala. U ovom radu pred-
stavqaju se kqu~ni parametri merewa detektora modelovanog u komercijalnom n-tipu
niskoenergetskog germanijumskog detektora ravnog kristala sa relativnom efikasno{}u od skoro 
15 %. Optimizacija detektora ima zna~ajnu funkciju u merewu nuklearnih materijala pri
bezbednoj primeni. Standardni nuklearni materijali sa raznovrsnim oboga}ewem, osiroma{enim
i slabo oboga}enim uranijumom i ta~kastim izvorima (137Cs, 60Co) i me{ani radioaktivni izvor sa
izotopima europijuma (152Eu, 154Eu, i 155Eu), bili su kori{}eni za istra`ivawe energetske
rezolucije i efikasnosti detektora. Energetska rezolucija merena je u {irokom opsegu vremena
rasta i zaravwewa na vrhu. Pored eksperimentalnog rada, Monte Karlo simulacioni kod
kori{}en je za modelovawe konfiguracije pode{avawem  kako bi se dobila apsolutna efikasnost
pri razli~itim energijama. U merewu efikasnosti detektora primewena je brza i pouzdana metoda. 
Podaci su razmatrani i tuma~eni.

Kqu~ne re~i: HPGe detektor, procesuirawe digitalnog signala, gama zrak, nedestruktivna
..........................tehnika rezolucije


