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The re sults from the de vel op ment and the eval u a tion of ra dio ac tive waste mon i tors for small,
me dium, and large vol umes of those wastes are pre sented.  The ef fi ciency cal i bra tion of mon i -
tors 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 vol u met ric 
ac tiv ity sources were man u fac tured in the form of real 200, 400, and 700 litre bar rels with
ma trix-fill ers in or der to cal i brate the mon i tors us ing the di rect ver i fi ca tion method. The pe -
cu liar i ties of the soft ware that con trols the mon i tors are pre sented.
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IN TRO DUC TION

Ac cord ing to the IAEA data, by the end of year
2015 there were 441 op er a tional nu clear re ac tors in
the world and fur ther 68 re ac tors were in the var i ous
stages of con struc tion [1]. Dur ing the course of op er a -
tions, the nu clear re ac tors pro duce wastes along with
their main prod uct. Due to the spe cif ics of re ac tors ac -
tiv i ties the wastes could be ra dio ac tive and dan ger ous
for hu man be ings. Along with the com mis sion ing new
NPP, the nu clear in dus try must de com mis sion a con -
sid er able num ber of NPP over the next twenty years:
157 nu clear re ac tors over the world were fi nally
stopped or were at the de com mis sion ing stage. Fur -
ther more, more than 480 re search re ac tors and sev eral
hun dred units ser vic ing dif fer ent parts of the fuel cy cle 
are in the pro cess of fin ish ing their op er a tions [1]. The
de com mis sion ing and the dis as sem bly of nu clear en -
ergy units will add to the quan tity of ra dio ac tive
wastes which should be re cy cled in ac cor dance with
the ex ist ing stan dards.

The pro ce dure for han dling ra dio ac tive wastes
(RAW) in the nu clear in dus try is spec i fied in the IAEA 
doc u ments [2] and is de scribed in de tail in [3]. The
RAW should be char ac ter ised ac cord ing to its phys i -
cal, chem i cal, and ra di a tion prop er ties so that the saf -
est and the most eco nom i cally ef fec tive vari ant for the
waste treat ment can be cho sen.

The char ac teri sa tion of wastes and safety re -
quire ments de mand that the en ter prises should have
mod ern tech ni cal means that pro vide an ef fec tive so lu -

tion of RAW man age ment. At the pres ent time, sev eral 
com pa nies al ready have ar ranged the de vel op ment
and the in dus trial pro duc tion of the equip ment for
RAW char ac ter iza tion [4-8]. An anal y sis of the de -
signs of var i ous RAW mon i tors shows that they all
share a sim i lar struc ture and ap ply sim i lar tech ni cal
so lu tions. How ever, de spite the ev i dent sim i lar ity of
ap plied base so lu tions, the ac tual RAW mon i tors pro -
duced by each com pany are rather unique and cus tom -
ized be cause their de signs are aimed to sat isfy mul ti ple 
re quire ments spe cific to each cus tomer.

Hav ing the rel e vant tech nol o gies and the ca pac -
ity to pro duce our own HPGe de tec tors [9], which pro -
vide a high ef fi ciency of gamma-ra di a tion reg is tra tion
and an ex cel lent en ergy res o lu tion, we dem on strate, in
the pres ent ar ti cle, the re sults of the de vel op ment of
our own equip ment for RAW char ac ter iza tion based
on these de tec tors.

THE DE VEL OP MENT OF RAW
MEA SURE MENT DE VICES

All waste as say mon i tors (WAM) de vel oped are
gamma-spec trom e ters based on the HPGe de tec tors
with var i ous ad di tional de vices that pro vide the op ti -
mal mea sure ments con di tions for RAW char ac teri sa -
tion. 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 [9]. In
or der to block the ra di a tion from the un re lated sources
and to pro vide the re quired as pect an gle, the mon i tors
are equipped with the collimation sys tem con sist ing of 
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lead shields which could be re placed man u ally or fully
au to mat i cally. To am plify and pro cess the sig nals from 
the HPGe de tec tors, all mon i tors types are equipped
with the same mul ti chan nel analyser (16k) and the
soft ware pack age that as sures their uni fi ca tion.

MO BILE WASTE AS SAY MON I TOR

A mo bile waste as say mon i tor has been de vel -
oped to char ac ter ise a sin gle ra dio ac tive ob ject of ar -
bi trary shape. It could also be ap plied for the mon i tor -
ing of the pre mises. The HPGe de tec tor, usu ally with
the reg is tra tion ef fi ciency (10-20)%, the liq uid ni tro -
gen cool ing, fig. 1(a), good for 24, 48, or 72 hours, or
the elec tro me chani cal cooler, fig. 1(b), could be ro -
tated in any spa tial di rec tion in 15° steps. To shield
the de tec tor from the un re lated ra di a tion, the spec -
trom e ter is equipped with a mod u lar lead shield with
a thick ness of 25 mm or 50 mm, a back shield, and a
set of re mov able collimators, which pro vide the re -
quired as pect an gle. To de fine the dis tance to the ob -
ject of the mea sure ment and pro vide the vi sual in di -
ca tion of the cen tre of the ra di ant sur face from which
gamma quanta are reg is tered by the de tec tor, the
mon i tor is equipped with the la ser range finder. The
de vice can be op er ated re motely by ca ble and/or
wire less con nec tion to the ra di a tion ex po sure of the
op er a tor.  Such mon i tor pro vides the de tec tion limit
0.2·103 Bq ± 25 % for Cs-137 in 200 L bar rel with the
den sity of 1.7 kgL–1 at a dis tance of 0.3 m be tween the 
bar rel with the de tec tor (ef fi ciency 20 %) and over
the mea sure ment time of one hour at the uni form dis -
tri bu tion of ac tiv ity and the den sity of the ma trix ma -
te rial at the outer back ground £300 nSvh–1.

To sim plify its trans por ta tion through out the ter -
ri tory of the en ter prise and the var i ous in dus trial pre -
mises, the mon i tor is as sem bled on a mo bile trol ley
(fig.1). The trol leys are equipped with the hy drau lic
lift that can raise the de tec tion unit up to 0.8 me ters; the 
back wheels are equipped with brakes and the
drop-out feet with the ad just able height to in crease the
sta bil ity. The mon i tor could also be placed on a mo bile
base (elec tric car) to in ves ti gate the ex tended NPP de -
com mis sion ing ter ri to ries [10].

STA TION ARY WASTE AS SAY MON I TOR

The sta tion ary mon i tor ing sys tems are re quired
to char ac ter ise the av er age and the large vol umes of ra -
dio ac tive waste. The bar rels of var i ous con fig u ra tions
are ap plied usu ally as the con tain ers for RAW and
other ma te ri als. The Her cu les 200 ra dio ac tive waste
mon i tor is de signed for the anal y sis of solid, bulk, and
liq uid ra dio ac tive wastes placed in bar rels, boxes, and
other pack ages of ar bi trary shape (fig. 2). The mon i tor
mea sures the ac tiv ity of the radionuclides with the
gamma-ra di a tion in the range of 100 to 2000 keV and
is op ti mally suited for the mea sure ments of ob jects
with an av er age den sity of 2500 kgm–3 in bar rels with
a vol ume of 200 litres.

The mon i tor in cludes the HPGe gamma spec -
trom e ter with an au to mated collimator and the pos si -
bil ity for the ver ti cal mo tion, the bar rel ro ta tion mech -
a nism with a strain gauge bal ance and the drive for the
hor i zon tal mo tion, the do sim e ters for the mea sure -
ments of the dose rate, and the soft ware. The HPGe de -
tec tor, gen er ally of (30-50) % reg is tra tion ef fi ciency,
is pro tected against the scat ter ing ra di a tion from the
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Figure1. The mo bile mon i tor of ra dio ac tive wastes (a) with the liq uid ni tro gen and (b) the elec tro me chani cal cool ing



out side with the lead shield of 100 mm thick ness. The
ra di a tion flux from the mea sur ing ob ject to the HPGe
de tec tor is de fined by the collimator, whose op er a tion
is fully au to mated. The dis tance be tween the de tec tor
and the waste sam ple to be char ac ter ised can be ad -
justed to achieve the re quired ac tiv ity range. The sam -
ple is ro tated con stantly around the ver ti cal axis to
partly com pen sate for the nonuniformity of the pack -
age fill ing. The ro ta tion of the RAW pack ages im -
proves the mea sure ment ac cu racy for the non-uni form 
filler den si ties or ir reg u lar dis tri bu tion of the ac tiv ity

through the pack age vol ume. The min i mal de tec tion
ac tiv ity is ~3 kBq for Cs-137 for the uni formly dis trib -
uted den sity and the ac tiv ity, spec i fied above, in the
200 L bar rel with the mea sure ment time of 30 min at
the back ground £300 nSvh–1.

At the start of the mea sure ment, the soft ware
eval u ates the pack age dose rate and pro vides the rec -
om men da tions for the ap pro pri ate po si tion ing of the
pack age rel a tive to the de tec tor or the ad just ment of
the collimator. At the sec ond stage, the pro gram de -
fines the nec es sary ex po sure time and ac quires and
stores the spec trum. At the fi nal stage, the soft ware au -
to mat i cally pro cesses the ob tained spec trum, iden ti -
fies the radionuclides, and cal cu lates their ac tiv i ties. A
pro to col that pro vides the spe cific ac tiv i ties for each
de tected radionuclide for gamma emit ters is gen er -
ated, as well as the cal cu lated val ues of the spe cific ac -
tiv ity of al pha and beta ra di a tion for each radionuclide, 
if they are avail able. To im prove the ac cu racy of the
def i ni tion of the radionuclides ac tiv i ties in the bar rels
with the ir reg u lar den sity, the mon i tor pro vides a mea -
sure ment mode that per forms mul ti ple mea sure ments
at dif fer ent ver ti cal po si tions along the bar rel (seg -
ments). The op er a tor can se lect the mode and up to 16
ver ti cal po si tions. 

MON I TOR WITH ROLLER CON VEYOR

When a very large quan tity of RAW must be
char ac ter ised, the high ca pac ity mon i tors with the au -
tom a ti za tion of all op er a tions are nec es sary. The Her -
cu les 400/700/RC mon i tor with the roller con veyor
belt and the ro tary ta ble (fig. 3) was de vel oped to mea -
sure the ra dio ac tiv ity of wastes pack aged in stan dard
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Fig ure 2. The Her cu les 200 sta tion ary WAM for the
char ac ter iza tion of 200 litre bar rels

Fig ure 3. The RAW mon i tor with the roll ing trans porter



metal bar rels with vol umes of 400 and 700 litres of
var i ous sizes (the di am e ters of 540-840 mm and the
heights of 825-1275 mm) and weights up to 2000 kg,
mea sured by the scales with an ac cu racy of ±2 kg.

The mon i tor mea sures the ac tiv ity of
radionuclides with gamma ra di a tion in the range of
100-2000 keV with the HPGe gamma de tec tor, whose
reg is tra tion ef fi ciency in the pres ent mon i tor is usu ally 
(30-50) %. The lower range of the ac tiv ity mea sure -
ment for the radionuclide Co-60, the ma te rial with the
den sity of 1.7 kgL–1and the mea sure ment time of one
hour is 3 kBq, with an ac cu racy ±20 % (P = 0.95). The
avail able vari ants of the mon i tor have from 2 to 8 sen -
sors for the ini tial de ter mi na tion of dose rate.

The de vice is de signed so that the bar rel is trans -
ferred au to mat i cally from the load ing place to the
mea sure ment place (ro tary ta ble), and af ter the com -
ple tion of the mea sure ment, it is trans ferred to the dis -
charge place for the mea sured bar rels. The au to mated
load ing-dis charge for sev eral bar rels is meant.

Af ter the bar rel is placed on the roll ing trans -
porter by the loader, the mon i tor au to mat i cally de ter -
mines the bar rel size and the bar rel is trans ferred to the
mea sure ment place by the roller trans porter. When the
bar rel moves to the mea sure ment place, the dose rate
mea sure ment sen sors are au to mat i cally moved to -
wards the bar rel up to a spec i fied dis tance. Based on
the re sult of the dose rate and the in put count rate mea -
sure ments, the soft ware se lects the op ti mal dis tance
and the con fig u ra tion of the collimators for the ac tiv ity 
mea sure ment. Then the mea sure ment of the ac tiv ity of
the bar rel's con tent is car ried out with the ro tary ta ble.
The seg men ta tion of the bar rel mea sure ment up to 16
seg ments is avail able. The in for ma tion of the ac tiv ity
mea sure ment to gether with the in for ma tion from the
bar code reader is saved in the data base. To com ply
with the rel e vant la bour pro tec tion and safety rules,
the data from the mon i tor ad di tion ally are sent by an
RS-485 or WiFi in ter face to a re mote PC.

DUST AND HU MID ITY PRO TEC TION

Real op er a tion con di tions of the WAM on nu -
clear sites some times re quire their pro tec tion against
the dust and hu mid ity. Fig ure 4 pres ents the mea sure -
ment part of the WAM for the dust- and mois -
ture-proof vari ant (IP 44). The front part of the mon i -
tor is pro tected with the roll-up shut ters that pro vide a
closed state for the in ner part of the mon i tor dur ing the
de tec tor mo tion. As it shifts up and down, the HPGe
de tec tor is pro tected against the en vi ron men tal am bi -
ent by a spe cial poly mer glass with a small ab sorp tion
co ef fi cient, which at tenu ates the gamma ra di a tion en -
ergy of 100 keV only by 7-8 %.

SOFT WARE

All mon i tors that we de vel oped are equipped
with the soft ware suite that in cludes the soft ware

pack age WAM-soft for the sys tem con trol and the au -
to ma tion, the soft ware pack age SpectraLineHandy,
and the soft ware pack age EffMaker.

The soft ware pack age WAM-soft al lows the op -
er a tor to con fig ure the mea sure ment con fig u ra tion of
RAW ra di a tion (place the ob jects to be mea sured into
the de sired po si tion, ad just the shut ter open ing of the
collimators, start the ro ta tion, etc.), as well as to pre -
pare for the mea sure ment ex e cu tion in var i ous modes
(rou tine anal y sis or de tailed draft ing). 

The soft ware pack age SpectraLineHandy [11]
ex e cutes the con trol of the spec trom e ter, dis plays the
mea sured spec tra, iden ti fies the radionuclides, and de -
ter mines the RAW ac tiv ity by ap ply ing the cal cu lated
ef fi cien cies for gamma quanta reg is tra tion ob tained
by any cal i bra tion method. When the cal i bra tion is
car ried out with the sources in point ge om e try, the
soft ware pack age SpectralineHandy is also able to
carry out the fol low ing func tions:
– ac count for the ra di a tion ab sorp tion in the con -

tainer walls,
– eval u ate the ac tiv ity in the case of the un known

thick ness of the con tainer wall,
– cor rect the thick ness of the con tainer walls in case

when the outer layer ma te rial is not set up cor -
rectly, and

– cor rect the ef fi ciency based on the dis tance be -
tween the source and the de tec tor. 

Also, it should be noted that the soft ware pack -
age pro vides a data base of trans port con tain ers, which 
can be aug mented by the user.

The soft ware pack age EffMaker [11] is used for
the cal i bra tion of the mon i tors with the Monte Carlo
sim u la tion method by the man u fac turer be fore the
prod uct re lease and also by the user dur ing the op er a -
tion as re quired by the re search or other mea sure ment
tasks (the non-stan dard ge om e tries, the ex panded en -
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Fig ure 4. The mea sure ment part of WAM in the
dust- and mois ture-proof case (IP 44) 



ergy range, etc.). The WAM that we de vel oped can be
equipped with other soft ware in ac cor dance with the
spe cial ists' re quest.

METROLOGICAL AS SUR ANCE

Like all mea sure ment de vices, the WAM based
on the HPGe de tec tors re quire se ri ous metrological as -
sur ance. On the ba sis of the ex ist ing metrological stan -
dards, the ap pli ca ble reg u la tions and mea sure ment
meth ods ac cepted in the nu clear in dus try [12], we
have se lected cer tain cal i bra tion and mon i tor val i da -
tion meth ods as the metrological as sur ance, man u fac -
tured a set of the vol u met ric ac tiv ity sources for the di -
rect ver i fi ca tion of cal i bra tion re sults, and pro vided a
pack age of ap pli ca tion pro grams to sup port the mea -
sure ments and en sure the re li able re sults.

The cal i bra tion of the mon i tors' ef fi ciency is
made with the stan dard sources in point ge om e try as
well as with the com plex cal cu la tion of the ef fec tive -
ness curves us ing the Monte Carlo sim u la tion method
(fig. 5a). To al low the di rect ver i fi ca tion of the mon i -
tors' cal i bra tion we have man u fac tured and cer ti fied
the vol u met ric ac tiv ity sources in form of real 200,
400, and 700 L bar rels that con tain ma trix-fill ers (fig.
5b).

The man u fac tured vol u met ric ac tiv ity sources
were cer ti fied by the D. I. Mendeleyev In sti tute for
Me trol ogy VNIIM [13]. The ex pe ri ence ob tained dur -
ing the mon i tor cal i bra tion shows that in case of a de -
tailed ac count of the mea sure ment con fig u ra tion (the
wall thick ness and ma te rial, the den sity and prop er ties
of the filler-ma trix, the cor rect dis tri bu tion of the ac -
tiv ity by the vol ume, etc.) the dif fer ences of the cal cu -
lated reg is tra tion ef fi ciency val ues and the val ues ob -
tained from the real mea sured bar rels with cal i brated
ac tiv i ties do not ex ceed 20 % in the range of 100-2000
keV. Thus, the pres ence of the stan dard ac tiv ity

sources in the form of real bar rels with fill ers en able
ver i fy ing and as sur ing the spec i fied ac cu racy of the
WAM cal i bra tions. The de tails of the metrological as -
sur ance of the mon i tors we de vel oped are pre sented in
[14].

CON CLU SIONS

The waste as say mon i tors we have de vel oped are 
in tended for small, me dium and large vol umes of
RAW.  The cal i bra tion of the ef fi cien cies of the WAM
with stan dard sources in point ge om e try and with the
com plex cal cu la tion of ef fi ciency curves by the Monte 
Carlo sim u la tion method pro vide a re li able cal i bra tion
for the mon i tors. The com par i son of the cal cu lated de -
pend en cies of the reg is tra tion ef fi ciency on en ergy and 
those ones ob tained from the real mea sured bar rels
with the sources of cal i brated ac tiv i ties dem on strate
that the dif fer ences in the val ues do not ex ceed 20 %.
Thus, the pres ence of the stan dard ac tiv ity sources in
the form of real bar rels with fill ers pro vides the ver i fi -
ca tion and the spec i fied ac cu racy for the cal i bra tion of
the RAW mon i tors. The soft ware pro vided with the
sys tem en sures the cor rect cal cu la tion of the
radionuclide ac tiv ity with our WAM.

AC KNOWL EDG EMENTS 

The re sults pre sented here were ob tained in the
course of the re search pro ject No. 3 “The de vel op ment 
of au to mated waste as say mon i tor for nu clear in dus try
en ter prises”, sup ported by the Eu ro pean Re gional De -
vel op ment Fund (con tract No.1.2.1.1/16/A/008 be -
tween the “Com pe tence Cen tre for Smart En gi neer ing
Sys tems, Trans port and Power En gi neer ing” (http:
//vitekc.lv/) and the Cen tral Fi nance and Con tract ing
Agency of Lat via (http://www.cfla.gov.lv/lv/). We ex -
press our thanks for the sup port to our in ves ti ga tions.
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Fig ure 5. The mon i tors’ cal i bra tion with (a) the com plex cal cu la tion of the efficiency curves by the Monte Carlo sim u la -
tion method and (b) the vol u met ric ac tiv ity sources – “Bar rel 400 L” and “Bar rel 200 L”



AU THORS' CON TRI BU TIONS

The de vel op ment of the con cep tion and the de -
sign of WAM was made by A. Sokolov, the soft ware
de vel op ment by A. Kail.  F. Finkel has de vel oped the
metrological as sur ance. V. Gostilo has ex e cuted the
de vel op ment of au to ma tion con cep tion and the au to -
ma tion programms.
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Aleksandar SOKOLOV, Artjom KAIL, Feliks FINKEL, Vladi mir GOSTILO

RAZVOJ  MONITORA  ZA  ISPITIVAWE  RADIOAKTIVNOG
OTPADA ZASNOVANOG  NA  HPGE  DETEKTORIMA

Prikazani su rezultati razvoja i ocewivawa monitora za ispitivawe radioaktivnog
otpada malih, sredwih i velikih zapremina. Kalibracija efikanosti monitora izvr{ena je
primenom standardnih izvora ta~kaste geometrije kao i kompleksnim prora~unima krivih
efikanosti primenom Monte Karlo simulacije. Zapreminski izvori napravqeni su u obliku
buradi zapremina 200, 400 i 700 litara sa matri~nom ispunom kako bi se izvr{ila kalibracija
monitora putem direktnog o~itavawa. Mogu}nosti programa koji upravqa monitorima tako|e su
prikazane.

Kqu~ne re~i: HPGe detektor, mon i tor za ispitivawe radioaktivnog otpada,
                         radioaktivni otpad 


