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Neu tron ac ti va tion anal y sis is widely used for iden ti fi ca tion of el e ments and their quan ti ties
even in trace amounts in the sam ples of al most any type. The chal lenges in de tect ing trace
amounts of par tic u lar el e ments are of ten as so ci ated with the neu tron flux pro duced at the re -
search re ac tors. Low-flux neu tron ac ti va tion anal y sis usu ally pres ents the big gest chal lenge
when an a lyz ing trace quan ti ties of el e ments with lower mag ni tude of ra di a tive cap ture
cross-sec tions.
In this pa per, we pres ent the meth od ol ogy and the quan ti fied un cer tain ties as so ci ated with
the de tec tion of trace amounts of co balt and eu ro pium, us ing as an ex am ple con crete ag gre -
gates. Re cent grow ing in ter est is in im prov ing struc tural con crete (in creas ing its strength but
re duc ing its ac ti va tion in nu clear power plant en vi ron ments). Aside from build ings, struc -
tural con crete is also used as a bi o log i cal shield in nu clear power plant that be come ra dio ac tive 
af ter ex po sure to neu tron flux. Due to ra di a tive cap ture in ter ac tions, ar ti fi cial radionuclides
are gen er ated to high enough con cen tra tions that clas sify con crete as low-level ra dio ac tive
waste at the time of the plant's de com mis sion ing. Dis posal of this con crete adds to the ex pense 
of nu clear power plant fi nanc ing and its con struc tion. Three radionuclides, 60Co, 152Eu, and
154Eu, ac count for 99 % of to tal re sid ual ra dio ac tiv ity of nu clear power plant de com mis -
sioned con crete. IAEA doc u ment RS-G-1.7, Ap pli ca tion of the Con cepts of Ex clu sion, Ex -
emp tion, and Clear ance, spec i fies clear ance lev els of radionuclides spe cific ac tiv i ties: a spe cific
ac tiv ity lower than 0.1 Bqg–1 for 60Co and 152Eu, and 154Eu al lows for a con crete to be re cy -
cled af ter de com mis sion ing of the nu clear power plant. There fore, low-flux neu tron ac ti va -
tion anal y sis is used to test the de tec tion lim its of trace el e ments in sam ples of ce ment, coarse,
and fine con crete ag gre gates. These sam ples are ir ra di ated at the Uni ver sity of Utah's 100 kW
TRIGA Re ac tor at power lev els of 10 kW, 30 kW, and 90 kW, with the cor re spond ing ther mal
neu tron flux val ues of 1.5×108, 7.3×109, and 3.76×1011 cm–2s–1.The sam ples are ir ra di ated for
time pe ri ods of 1, 3, 30, 60, and 120 min utes. Dif fer ent power lev els and dif fer ent ir ra di a tion
times are used to find if there is a thresh old set of neu tron ac ti va tion anal y sis pa ram e ters in de -
tect ing trace amounts of these iso topes. Each of the sam ples is counted on a Can berra BEGe
high pu rity ger ma nium de tec tor. Ce ment sam ples are con cur rently ir ra di ated with a Na tional 
In sti tute of Stan dards and Tech nol ogy coal fly ash stan dard ref er ence ma te rial and coarse and
fine ag gre gates with Montana soil stan dard ref er ence ma te rial to ac cu rately quan tify the mass
con cen tra tion of the iso topes in con crete sam ples. Fi nal re sults show that re ac tor power, ir ra -
di a tion, and de tec tor mea sure ment times are heavily cor re lated to find ing the op ti mum com -
bi na tion for a low-flux neu tron ac ti va tion anal y sis ap proach in de tect ing trace con tents of el e -
ments, spe cif i cally co balt and eu ro pium.

Key words: gamma de tec tion, neu tron ac ti va tion anal y sis, con crete, research re ac tor, nu clear power
plant de com mis sion ing, co balt, eu ro pium

IN TRO DUC TION

Neu tron ac ti va tion anal y sis (NAA) is a non-de -
struc tive test ing method de vel oped fol low ing a dis -
cov ery of a neu tron in 1932, and is to date used to de -

ter mine the el e men tal com po si tion of an un known ma -
te rial. A ma te rial sam ple is ir ra di ated with neu trons of
pref er a bly ther mal range en er gies, and some of the el -
e ments pres ent are ac ti vated through neu tron cap ture
in ter ac tions. Newly cre ated iso topes are ra dio ac tive
with dif fer ent de cay ing times and en er gies of the emit -
ted gamma rays that are used for iden ti fi ca tion of (par -
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ent) iso topes pres ent in a ma te rial sam ple [1]. Dif fer -
ent modes of ra dio ac tive de cay such as beta emis sion,
pos i tron emis sion and iso met ric tran si tion are of ten
ac com pa nied by gamma rays. The en er gies of the
emit ted gamma rays are, there fore, the sig na tures
uniquely at trib uted to iso topes by mea sur ing their en -
er gies with gamma de tec tors. The pro cess of NAA is
well de scribed in lit er a ture [1].

There are dif fer ent neu tron sources used for
NAA, in clud ing spon ta ne ous fis sion neu tron sources,
D-D or D-T gen er a tors and, most com monly, re search
re ac tors. The neu tron fluxes there fore vary widely,
which also holds for var i ous re search re ac tors as they
are di rectly de pend ent on both power and re ac tor core
con fig u ra tion. A com par i son of neu tron fluxes for
some of the re search re ac tors is shown in fig. 1. For ex -
am ple,   the  Mas sa chu setts  In sti tute  of  Tech nol ogy
re search  re ac tor  has  a neu tron flux on the or der of
1014 cm–2s–1, while the PULSTAR re ac tor at North
Carolina State Uni ver sity has a lower neu tron flux on
the or der of 1013 cm–2s–1. A sim i lar neu tron flux of the
same or der of mag ni tude is found in Ja pan's JRR-4 re -
search re ac tor [2]. Smaller re search re ac tors as, for ex -
am ple, the Uni ver sity of Utah's 100 kW TRIGA Re ac -
tor (UUTR), has a neu tron flux in a des ig nated ther mal
NAA port of only 3.76×1011 cm–2s–1. Other low-flux
neu tron sources may be used such as 252Cf whose neu -
tron flux can be on the or der of 107 cm–2s–1 [3].The two 
or der of mag ni tude dif fer ence in the neu tron flux be -
tween the UUTR and JRR-4 pres ents chal lenges when
de tect ing trace quan ti ties. El e ments such as so dium
are much eas ier to de tect with a low-flux neu tron
source due to its high nat u ral abun dance. Eu ro pium by
con trast ex ists in trace quan ti ties and de spite hav ing a
cross sec tion that is greater, ne ces si tates there fore lon -
ger ir ra di a tion times in a low-neu tron flux fa cil ity.

Due to re cent grow ing in ter est in im prov ing con -
crete in struc tures of nu clear power plant (NPP), we
opted for con crete ag gre gates to study the ap pli ca bil ity
of low-flux NAA in de tect ing trace quan ti ties of el e -
ments. For this study to have ap pli ca bil ity in the nu clear
field, we se lected to an a lyze con crete mix tures for its
key el e ments that clas sify con crete as low-level waste.

Con crete is one of the most com plex ma te ri als used in
in dus try and as such pres ents the most chal leng ing mix -
ture to an a lyze for trace quan ti ties of met als. There is a
ten dency in de fin ing dif fer ent con crete mix tures as sur -
ing its ex po sure to neu tron ra di a tion in NPP will not ac -
ti vate the mix ture above the IAEA lim its. In its doc u -
ment RS-G-1.7, Ap pli ca tion of the Con cepts of
Ex clu sion, Ex emp tion, and Clear ance, the IAEA has
de fined spe cific lim its for the dis posal of ar ti fi cially
cre ated radionuclides. When a radionuclide is ac ti vated
at or above the spec i fied limit, that ma te rial wherein it is
con tained must be dis posed of as low-level waste
(LLW). Fac tors af fect ing whether a ma te rial will be
clas si fied as LLW in clude to tal neu tron fluence ex -
posed to and the con cen tra tion of the radionuclide's par -
ent iso tope. If an iso tope is of suf fi ciently low con cen -
tra tion, ex po sure to high neu tron fluence may not
ne ces si tate dis posal as LLW.

The clas si fi ca tion of a ma te rial as LLW is based
on com par ing its spec i fied clear ance level from IAEA
doc u ment RS-G-1.7 to its mea sured ac tiv ity us ing the
fol low ing ex pres sion
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where Ci is the con cen tra tion of the ar ti fi cial
radionuclide [Bqg–1], and CL is the IAEA clear ance
level for the ar ti fi cial radionuclide [Bqg–1]. If eq. (1)
re sults in a value less than or equal to one, then that ma -
te rial is clas si fied as nor mal waste; if above one, the
ma te rial is con sid ered ra dio ac tive waste.

In this pa per, we pres ent a meth od ol ogy for an a -
lyz ing low-flux NAA in test ing com plex con crete
mix tures for trace quan ti ties of par tic u lar el e ments. A
meth od ol ogy of how to de tect trace car ri ers for con -
crete ac ti va tion is de vel oped, along with es tab lished
thresh olds in the mea sure ment of sam ples us ing
low-flux NAA. Typ i cally, struc tural con crete of NPP
con tains met als and rare earth el e ments. Spe cif i cally,
the pres ence of three nuclides, 59Co, 151Eu, and 153Eu,
al most al ways re sults in the clas si fi ca tion of con crete
as low level ra dio ac tive waste be cause their neu tron
heavier ra dio iso topes, 60Co, 154Eu, and 152Eu, re spec -
tively, (with half-lives of 5.27, 8.59, and 13.54 years),
ac cu mu late the ac tiv i ties above the level of reg u lar (re -
cy cla ble) waste. The clear ance level for all three iso -
topes is 0.1 Bqg–1 [4]. Their ac ti va tion is a re sult of ex -
po sure to neu tron ra di a tion in nu clear power plants for
a pe riod of 40 years or lon ger. Due to their long de cay
times, it takes sev eral de cades to de cay be low the
clear ance lev els, ac count ing for al most 99 % of the re -
sid ual ra dio ac tiv ity in NPP con crete shield ing walls
[5]. The elim i na tion of these tar get radionuclides from
con crete ag gre gates has never been con sid ered in U. S. 
nu clear power plant de sign tech nol ogy. We have
started this re search with two goals: firstly to de fine a
meth od ol ogy that is ac cu rate and proven yet ap pli ca -
ble to de tec tion of trace quan ti ties in gen eral and, sec -
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Fig ure 1. Ther mal neu tron flux for ir ra di a tion ports in
re search re ac tors with NAA fa cil i ties. (Neu tron flux data
taken from the in di vid ual or ga ni za tions' web sites)



ondly, to ap ply the meth od ol ogy to de velop new con -
crete chem i cal mix tures re sis tant to ra di a tion lev els
above clear ance lev els [6].

LOW-FLUX NAA METH OD OL OGY
FOR IDEN TI FI CA TION OF TRACE
QUAN TI TIES IN SOLID SAM PLES

Low-flux NAA at the Uni ver sity of
Utah nu clear en gi neer ing fa cil ity

At the Nu clear En gi neer ing Pro gram at the Uni -
ver sity of Utah we man age and op er ate a 100 kW TRIGA 
Mark I re ac tor (UUTR). The re ac tor and the
state-of-the-art ra di a tion count ing in stru men ta tions are
used in sup port of ed u ca tion, train ing, and re search. The
UUTR is well an a lyzed and a num ber of pa pers re port on
its flux eval u a tion and mea sure ments [7-9].

NAA is a well es tab lished [1] and com monly used
tech nique at the UUTR fa cil ity [10]. The UUTR is
equipped with four dif fer ent ir ra di a tion ports: ther mal
irradiator (TI), fast neu tron ir ra di a tion fa cil ity (FNIF),
pneu matic irradiator (PI), and a cen tral irradiator (CI).
All NAA sam ples are ir ra di ated in the TI or PI. Ex per i -
men tal dis crim i na tion be tween ther mal and fast neu trons 
in the TI is ob tained by mea sur ing the cad mium ra tio.
Cad mium ra tio is de fined as the ra tio of the ac tiv ity of a
bare gold foil to the ac tiv ity of a cad mium-cov ered gold
foil. The cad mium-cov ered gold foil is ac ti vated with
mostly fast neu trons be cause nearly all neu trons be low
the cad mium cut off en ergy of 0.4-0.6 eV are ab sorbed by 
the cad mium foil. The cad mium ra tio in the UUTR TI
port is de ter mined to be 4.140 ± 0.015, mean ing there is
still a high num ber of fast neu trons in the TI port [9]. A
de tailed MCNP6 model of the UUTR is al ways used to
de ter mine the flux pro file in the re ac tor core, as well as
the neu tron flux in the ir ra di a tion ports of the re ac tor. The 
neu tron flux dis tri bu tion as a func tion of neu tron en ergy
in side of the CI, TI, and FNIF at 90 kWth is shown in fig.
2. Know ing the flux pro file al lows for de ter min ing the

ac tiv i ties of iso topes ac ti vated dur ing ir ra di a tion of sam -
ples. The TI of the UUTR at a power of 90 kWth has a
max i mum  ther mal neu tron flux of 3.76×1011 cm–2s–1. For 
ex am ple, as shown in fig. 1, in the JRR-4 of the Ja pan
Atomic En ergy Re search In sti tute, the max i mum ther -
mal neu tron flux is 7×1013 cm–2s–1 [2]. When us ing
low-flux NAA it is man da tory to de velop a meth od ol ogy
to de tected trace quan ti ties of par tic u lar el e ments and an -
a lyze which of the pa ram e ters are most in flu en tial in
achiev ing  the  most ac cu rate mea sure ments: power
level, ir ra di a tion time, count ing time, sam ple size and
sim i lar.

Cor re la tion be tween re ac tor power
(neu tron flux), ir ra di a tion/cool ing time and
de tec tion lim its in de tect ing trace quan ti ties: an
ex am ple of 60Co, 152Eu, and 154Eu

In or der to de ter mine the NAA con di tional pa -
ram e ters for de tec tion of trace el e ments, three re ac tor
power lev els (neu tron flux) were se lected: 10 kW and
30 kW with a ther mal neu tron flux of 1.5×108 and
7.3×109 cm–2s–1, re spec tively, se lected to test if this
would re sult in min i mal ac ti va tion to de tect trace
amounts of Co and Eu, and 90 kW with a ther mal neu -
tron flux of 3.76×1011 cm–2s–1 that still rep re sents an
over all low power level com pared to other re search re -
ac tors (as shown in fig. 1). In ad di tion to ir ra di a tion
time, the cool ing time of sam ples (af ter ir ra di a tion in
the re ac tor) is also a vari able pa ram e ter that re quires
op ti mi za tion. El e ments with short half-lives such as
Na may ac ti vate to a suf fi ciently high level to in ter fere
in the de tec tion of other trace el e ments re quir ing lon -
ger ir ra di a tion times. Fi nally, count ing time re quires to 
be op ti mized also. A short count ing time is pre ferred
as sam ples can be an a lyzed more ef fi ciently. How ever, 
trace el e ments may ne ces si tate im por tantly lon ger
count ing times.

Three white ce ment, quartz ite coarse ag gre gate,
and sil ica sand fine ag gre gate are se lected based on
their wide avail abil ity. Five sam ples with a mass of ap -
prox i mately 1g are ir ra di ated for 1, 3, 30, 60, and 120
min utes and at three dif fer ent power lev els us ing the
fol low ing method:
– Ce ment is a finely ground ho mog e nous mix ture.

Ap prox i mately 1 g of ce ment is col lected and
sealed in a poly vi nyl bag for each ir ra di a tion time.
Five sam ples are ir ra di ated at each power level to -
tal ing 15 ce ment sam ples.

– Ag gre gate sam ples have a larger par ti cle size and
are very het er o ge neous. Coarse ag gre gate is
there fore nicely crushed to a fine par ti cle size us -
ing a pes tle and mor tar. The crushed sam ple is then 
mixed to cre ate a semi-ho mog e nous sam ple from
which smaller 1 g sam ples are cre ated. Five 1 g
sam ples are sealed in poly vi nyl bags for ir ra di a -
tion at each power level thus to tal ing 15 sam ples.
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Fig ure 2. Neu tron flux pro file as a func tion of neu tron
en ergy in the UUTR ir ra di a tion ports (cal cu lated with
MCNP6); the UUTR has a max i mum ther mal neu tron
flux of 3.76×1011 cm2s–1 as shown in fig. 1



This same pro cess is used for the fine ag gre gate
sam ples.

– Ir ra di ated along side each ce ment sam ple is NIST
stan dard ref er ence ma te rial, 1633c coal fly ash
and 2710a Montana soil with each coarse and fine
ag gre gate sam ple [11, 12].

 Af ter ir ra di a tion, all sam ples but ce ment-based
ones are kept for 1-2 weeks be fore count ing on gamma
spec tros copy equip ment. Ce ment sam ples are kept for
24 weeks be fore count ing to re duce dead time on the de -
tec tor, as well as to re duce in ter fer ing sig nals of
short-lived iso topes with high in ten sity gamma rays
such as 24Na and 56Mn. The sam ples are counted for
three (3) hours in point source ge om e try by rais ing them 
24 cm off the face of the de tec tor. The rea son for rais ing
the sam ples 24 cm off the face of the de tec tor is due to
the high ac tiv ity of these sam ples with only a few
weeks' time for the short-lived radionuclides to de cay
away. The high ac tiv ity of the sam ples cre ates as much
as 50 % dead time on the de tec tor. The dead time can be
sig nif i cantly re duced, to less than 1 %, by rais ing the
sam ple off the face of the de tec tor (us ing a spacer). The
use of a spacer, how ever, has the neg a tive ef fect of re -
duc ing the in trin sic ef fi ciency of the de tec tor (num ber
of pulses re corded di vided by the num ber of gamma
rays in ci dent on the de tec tor), [13]. As the sam ples are
al lowed more time for short-lived radionuclides to de -
cay away, they can even tu ally be moved di rectly onto
the face of the de tec tor with out cre at ing dead time and
in crease the in trin sic ef fi ciency. In each sam ple mea -
sure ment, the ac tiv i ties of all three iso topes are too low
to be de tected in the afore men tioned ge om e try. A min i -
mum de tect able ac tiv ity (MDA) anal y sis is there fore
ap plied to each of the counts. The av er age MDA for
each of the three iso topes is sum ma rized in tab. 1 and
cal cu lated us ing the Can berra Ge nie-2000 soft ware
which uti lizes the meth ods de vel oped by Cur rie [14].
This soft ware cal cu lates the MDA for each gamma ray
of an iso tope and uses the small est cal cu lated value. For
ex am ple, 60Co has two gamma rays with an in ten sity
greater than 99 %. Ge nie-2000 would cal cu late the
MDA for each gamma ray and then as sign the small est
value cal cu lated as the MDA for 60Co. The fol low ing
equa tion is used to cal cu late the MDA for each of the
radionuclides [15]

MDA D

c w x f f

=
¢

L

T yVK K K C U1e
(2)

where LD is the de tec tion limit in counts, T1 – the col -
lec tion live time in sec onds, e' – the at ten u a tion cor -

rected ef fi ciency, y – the branch ing ra tio of gamma en -
ergy un der con sid er ation, V – the mass or vol ume of
sam ple, Kc – the cor rec tion fac tor for the nu clide de cay 
count ing, Kw – the cor rec tion fac tor for nu clide de cay
from the time the sam ple was ob tained to col lec tion
time, Kx – the op tional cor rec tion fac tor for air sam ples 
or ir ra di ated sam ples and 1 for all other sam ples, Cf –
the sam ple mass con ver sion fac tor to trans late cal cu -
lated ac tiv ity val ues to the orig i nal sam ple mass, and
Uf – the unit con ver sion fac tor from Bq to de sired ac -
tiv ity units.

One of the fac tors af fect ing the MDA is the count -
ing time (T1). With three (3) hours of count ing time per
each of the sam ples, the MDA can eas ily be de creased by
in creas ing the count ing time to 12 or 24 hours.

ANAL Y SIS OF EL E MEN TAL
MASS CON CEN TRA TIONS

To de ter mine the mass con cen tra tion, the sam ple 
of un known con cen tra tion is com pared to a Stan dard
Ref er ence Ma te rial (SRM). The un known sam ple can
be com pared di rectly to a known sam ple with known
con cen tra tions of the iso topes of in ter est us ing the fol -
low ing cor re la tion
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where Aunk is the ac tiv ity of iso tope of in ter est in the
un known sam ple, Astd – the ac tiv ity of iso tope of in ter -
est in the stan dard, munk – the mass of iso tope of in ter -
est in the un known sam ple, mstd – the mass of iso tope
of in ter est in the stan dard, and td – the de cay time from
the end of ir ra di a tion to the start of count ing.

The cer ti fied mass con cen tra tion val ues for each
SRM used are given in tab. 2.

As pre vi ously shown, the MDA of an iso tope can 
be im proved by in creas ing the count ing time. The in -
trin sic ef fi ciency or num ber of de tected counts di vided 
by the num ber of gamma rays in ci dent on the de tec tor
can also be im proved by mov ing the sam ple closer to
the face of the de tec tor. An im prove ment of the in trin -
sic ef fi ciency and MDA al lows for de tec tion of iso -
topes in trace quan ti ties with low ac tiv ity.

The sam ples of ce ment, fine, and coarse ag gre -
gate ir ra di ated for 120 min utes at 10 kW, 30 kW, and
90 kW are fur ther stud ied since they would have the
high est ac tiv i ties of any of the other sam ples. This is
be cause the sam ples are ex posed to the high est neu tron 
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Ta ble 1. Av er age MDA for 60Co, 152Eu, and 154Eu for 3
hours of count ing in point source ge om e try

Iso tope
MDA in un known
sam ple [mCig–1]

MDA in stan dard ref er ence
ma te rial [mCig–1]

60Co 2.0×10–4 2.3×10–4

152Eu 4.0×10–4 4.2×10–4

154Eu 3.4×10–4 3.6×10–4

Ta ble 2. Cer ti fied mass con cen tra tions of Co and Eu in
each NIST stan dard ref er ence ma te rial

1633c coal fly ash 2710a Montana soil

El e ment Mass con cen tra tion
[ppm*]

Mass con cen tra tion
[ppm]

Co balt 42.9 ± 3.5 5.99 ± 0.14

Eu ro pium 4.67 ± 3.5 0.82 ± 0.01

* 1 ppm = 10–6



fluence (120 min utes). To im prove the MDA, the sam -
ples are counted for 24 hours, while in trin sic ef fi -
ciency is im proved by plac ing the sam ples di rectly on
the face of the de tec tor along with their re spec tive
stan dard ref er ence ma te ri als. In each in stance, the ac -
tiv ity of the sam ples is mea sured to be above the cal cu -
lated MDA of the Co and Eu iso topes. This al lows for a 
di rect cal cu la tion of Co and Eu ac tiv i ties in the sam -
ples us ing eq. (3), the re sults of which are sum ma rized
in fig. 3 and tab. 3. In each in stance, the con cen tra tions
were cal cu lated to fall within IAEA es tab lished clear -
ance lev els. The larg est un cer tainty oc curs in coarse
ag gre gate sam ples ir ra di ated at 10 kW and 30 kW and
the fine ag gre gate ir ra di ated at 120 kW. The larger un -
cer tainty in these sam ples is a re sult of the low neu tron
flux. This re sults in a lower ac tiv ity to mea sure and
there fore greater un cer tainty. The un cer tainty ob -
tained is 3 sigma or 99.7 % con fi dence in ter val. It is
cal cu lated us ing the fol low ing er ror prop a ga tion
formulas
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where sc is the un cer tainty of the ac tiv ity, C – the mea -
sured ac tiv ity, ss – the un cer tainty in the peak area, S –

the peak area, sv – un cer tainty in the sam ple quan tity,
V – sam ple quan tity, dÎ' = un cer tainty of the ef fi ciency,
and Î' – ef fi ciency

Sam ple quan tity and un cer tainty are a re sult of
the bal ance used to mea sure the mass. The ac tiv ity and
ef fi ciency un cer tainty are de ter mined from the de tec -
tors' cal i bra tion. In ev ery in stance, the un cer tainty of
the sam ples still falls be low IAEA clear ance lev els.
Ce ment sam ples have the small est stan dard de vi a tion
in their cal cu lated mass con cen tra tions of each of the
three sam ples. The stan dard de vi a tion is sep a rate from
mass un cer tainty and is used only to com pare the cal -
cu lated mass con cen tra tion be tween the same ma te ri -
als to de ter mine same ness. The stan dard de vi a tions are 
0.018 and 0.0025 for Co, and Eu, re spec tively. Stan -
dard de vi a tions for the coarse ag gre gate are 0.067 and
0.0092 for Co and Eu, re spec tively. Stan dard de vi a -
tions for the fine ag gre gate are 0.079 and 0.011 for Co
and Eu, re spec tively. Com pared to ce ment, stan dard
de vi a tions are larger for ag gre gates be cause of their
more het er o ge neous na ture. While steps were taken to
en sure a more ho mog e nous mix ture of coarse and fine
ag gre gates, a much larger sam ple size would be re -
quired to de crease the stan dard de vi a tion be tween the
sam ples.

These ex per i ments in di cate that an op ti mal set of 
pa ram e ters is to ir ra di ate for 120 min utes at a power
level of 90 kW. Al though Co and Eu are de tected at
lower power lev els, the un cer tain ties are signifantly
larger than when ir ra di ated at a higher power level.
Ad di tion ally, the sam ples must be counted for al most
24 hours and di rectly on the face of the de tec tor to
max i mize in trin sic ef fi ciency.

CON CLU SIONS

Neu tron ac ti va tion anal y sis is a com mon and
well-es tab lished tool for iden ti fi ca tion and quan ti fi ca -
tion of el e ments in trace quan ti ties. Sev eral types of
neu tron sources can be used to per form NAA, in clud -
ing spon ta ne ous fis sion sources, neu tron gen er a tors
and re search re ac tors. Since the UUTR is a low power
– low-flux re search re ac tor, it is re quired to es tab lish a
meth od ol ogy when quan ti fy ing the trace quan ti ties of
cer tain el e ments. Spe cific el e ments of in ter est are co -
balt and eu ro pium pres ent in raw con crete ma te ri als.
The rea son we have se lected con crete as a ma te rial to
test low-flux NAA at our fa cil ity is the re cent grow ing
in ter est in im prov ing the qual ity and char ac ter is tics of
con crete in NPP. Struc tural con crete is used as a bi o -
log i cal shield in NPP and as such be comes ra dio ac tive
due to ex po sure to neu trons. IAEA stan dards out lined
in doc u ment RS-G-1.7 de fine the spe cific ac tiv i ties of
ar ti fi cially cre ated radionuclides that al low for a ma te -
rial to be dis posed of as nor mal waste or clas si fied as
ra dio ac tive waste. The de fined spe cific ac tiv i ties are
known  as  iso tope  clear ance  lev els  and   de fined  at
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Fig ure 3. Cal cu lated trace con cen tra tions of Co and Eu
in white ce ment, coarse, and fine ag gre gates us ing stan -
dard ref er ence ma te rial 1333c Coal fly ash for white ce -
ment and 2710a Montana soil for coarse and fine
ag gre gates. Sam ples en closed in green rep re sent sam ples
that fall be low IAEA es tab lished clear ance lev els for
LLW

Ta ble 3. Sum mary of cal cu lated trace con cen tra tions of Co
and Eu in white ce ment, coarse, and fine ag gre gates (fig. 3)

Ma te rial Power level [kW] Co balt [ppm]Eu [ppm]

Ce ment 10 0.008 0.059

Coarse ag gre gate 10 0.001 0.006

Fine ag gre gate 10 0.002 0.018

Ce ment 30 0.005 0.040

Coarse ag gre gate 30 0.001 0.010

Fine ag gre gate 30 0.007 0.124

Ce ment 90 0.011 0.076

Coarse ag gre gate 90 0.017 0.124

Fine ag gre gate 90 0.023 0.169



0.1 Bqg–1 for 60Co, 152Eu, and 154Eu, daugh ter prod -
ucts for nat u rally oc cur ring Co and Eu. These three
iso topes ac count for over 99 % of the re sid ual ra dio ac -
tiv ity in NPP de com mis sioned con crete and there fore
pres ent a crit i cal el e ment to de ter mine their pres ence
in trace quan ti ties in a given sam ple. Low-flux NAA at
the UUTR is there fore op ti mized for the de tec tion of
these trace el e ments. Sam ples of ce ment along with
coarse and fine ag gre gate are ir ra di ated at three dif fer -
ent power lev els (of 10 kW, 30 kW, and 90 kW, with
cor re spond ing neu tron flux val ues of 1.5×108, 7.3×109,
and 3.76×1011 cm–2s–1, re spec tively) to un der stand the
low est power level re quired when com bined with the
du ra tion of ex po sure for a pe riod of 1, 3, 30, 60, and
120 min utes at each power level. The dif fer ent power
lev els and ir ra di a tion times pro vided a thresh old set of
NAA pa ram e ters where trace el e ments of an iso tope
may be de tected with ac cept able un cer tain ties. An ex -
act thresh old or min i mum value for re ac tor power
level is not strictly rec om mended as Co and Eu were
de tected in each in stance. How ever, at lower power
lev els the larg est un cer tainty in mea sur ing trace quan -
ti ties sug gests that in the case of the UUTR the rec om -
mended power level is to be 90 kW. Ad di tion ally, the
ex per i ments point at 120 min utes of ir ra di a tion time
and 24 hours of count ing as the best com bi na tion in de -
tect ing trace quan ti ties of Co and Eu with low un cer -
tainty. It is im por tant that all sam ples are ir ra di ated
con cur rently with NIST stan dard ref er ence ma te rial in
or der to cal cu late the mass con cen tra tions of Co and
Eu. Coal fly ash was used with ce ment sam ples and
Montana soil with coarse and fine ag gre gate sam ples. 
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Stiven BERNAM, Greg MOFIT, Kventin FORE, Tatjana JEVREMOVI]

NESIGURNOST  U  MEREWU  TRAGOVA  KOBALTA  I  EUROPIJUMA
NEUTRONSKOM  AKTIVACIONOM  ANALIZOM  SA  NISKIM FLUKSOM

Neutronska aktivaciona analiza {iroko se koristi za identifikaciju elemenata i wihovih
koli~ina, ~ak i u tragovima, u uzorcima skoro svake vrste. Izazovi u otkrivawu tragova pojedinih
elemenata ~esto su povezani sa neutronskim fluksom proizvedenim u istra`iva~kim reaktorima.
Niskofluksna neutronska aktivaciona analiza obi~no predstavqa najve}i izazov kada se analiziraju
tragovi elemenata sa ni`im vrednostima preseka za radijacioni zahvat.
U ovom radu prikazana je metodologija i kvantifikovane su merne nesigurnosti povezane sa detekcijom
tragova kobalta i europijuma, koriste}i kao primer agregate betona. U posledwe vreme raste
interesovawe za poboq{awe konstruktivnog betona (za pove}awe wegove ~vrstine uz smawewe wegove
aktivacije okru`ewa nuklearne elektrane). Pored upotrebe u zgradama, konstruktivni beton koristi se 
kao biolo{ki {tit nuklearnih elektrana, koji postaje radioaktivan nakon izlagawa neutronskom
fluksu. Usled interakcije radijacionog zahvata, ve{ta~ki radionuklidi generisani su sa dovoqno
visokim koncentracijama da se prilikom dekomisije elektrane beton klasifikuje kao radioaktivni
otpad niskog nivoa. Odlagawe ovog betona uve}ava tro{kove na teret finansirawa i izgradwe
nuklearne elektrane. Tri radionuklida, 60Co, 152Eu i 154Eu, ~ine 99 % od ukupne rezidualne
radioaktivnosti betona pri dekomisiji elektrane. Dokument Me|unarodne agencije za atomsku energiju
RS-G-1.7 “Primena koncepta iskqu~ewa, izuze}a i osloba|awa od regulatorne kontrole”, odre|uje nivoe 
osloba|awa za radionuklide odre|enih aktivnosti: specifi~nu aktivnosti mawu od 0.1 Bqg–1 za 60Co i
152Eu, a za 154Eu dopu{ta da beton bude recikliran po dekomisiji nuklearne elektrane. Stoga se
niskofluksna neutronska aktivaciona analiza koristi za testirawe granica detekcije tragova
elemenata u uzorcima cementa, grubih i finih komponenti betona. Ovi uzorci ozra~eni su u Triga
reaktoru snage 100 kW na Univerzitetu u Juti, pri nivoima snage od 10 kW, 30 kW i 90 kW, sa odgovaraju}im 
vrednostima fluksa termi~kih neutrona od 1.5×108 cm–2s–1, 7.3×109 cm–2s–1 i 3.76×1011 cm–2s–1. Uzorci su
zra~eni tokom vremenskog perioda od 1, 3, 30, 60 i 120 minuta. Razli~iti nivoi snage i razli~ita vremena
ozra~ivawa poslu`ili su da se prona|e da li postoji prag skupa parametara neutronske aktivacione
analize u otkrivawu tragova ovih izotopa. Svaki od uzoraka meren je Can berra BEGe germanijumskim
detektorom visoke ~isto}e. Uzorci cementa istovremeno su ozra~ivani sa standardnim referentnim
materijalima Nacionalnog instituta za standarde i tehnologiju (lete}eg pepela ugqa i grubih i finih
agregata zemqi{ta iz Montane), radi precizne kvantifikacije masene koncentracije izotopa u
uzorcima betona. Kona~ni rezultati pokazuju da su snaga reaktora, vreme ozra~ivawa i detekcije u
velikoj meri korelirani sa pronala`ewem optimalne kombinacije za niskofluksnu neutronsku
aktivacionu analizu u otkrivawu tragova elemenata, posebno kobalta i europijuma.

Kqu~ne re~i: gama detekcija, neutronska aktivaciona analiza, beton, istra`iva~ki reaktor, 
.........................dekomisija nuklearne elektrane, kobalt, europijum


