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A de ter mi na tion op tion for 238U in so lu tions by the neu tron ac ti va tion anal y sis was in ves ti -
gated. A radionuclide treat ment based on 252Cf was used as a neu tron source. The limit for the 
de ter mi na tion of ura nium us ing ther mal neu trons of 0.1 mgL–1 was de ter mined within the
re search frame work. With the help of the pre lim i nary con cen tra tion of the sam ple via the
evap o ra tion method, it is pos si ble to fur ther re duce the de tec tion limit by 2-5 times. It is de -
fined that the op ti mal time for mea sur ing the in duced ac tiv ity of the sam ple when work ing
with a short-life iso tope of 239U, is 30 min utes. The in flu ence of the ef fects of scat ter ing and
self-ab sorp tion of gamma ra di a tion of the ura nium line 74.6 keV on the re sults of the neu tron 
ac ti va tion anal y sis was de ter mined. The stud ies con ducted made it pos si ble to de ter mine ura -
nium by the neu tron ac ti va tion anal y sis method in so lu tions of var i ous com po si tions, in a
wide range of con cen tra tions.
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IN TRO DUC TION

Ura nium is a re source of great com mer cial in ter -
est; it is used in the pro duc tion of nu clear fuel, nu clear
weap ons, ra di a tion pro tec tion for in dus trial ra dio ac -
tive sources, and even anti-tank mu ni tions [1]. Un for -
tu nately, hu man ac tiv i ties as so ci ated with ura nium
min ing lead to en vi ron men tal pol lu tion. Thus, in the
course of un der ground leach ing of ura nium-con tain -
ing ores, sul fate com plexes of ura nyl get into the
ground wa ter, and dur ing the tech no log i cal cy cle of
ura nium pro cess ing, the for ma tion of flu o ride-chlo -
ride so lu tions con tain ing ura nium is pos si ble. Be sides, 
ura nium pol lu tion can be caused by the pro duc tion of
cat a lysts, col or ing pig ments, the com bus tion of fos sil
fu els (oil and coal), and the pro duc tion and use of fer -
til iz ers [2]. In all these cases, we are talk ing about trace 
amounts of ura nium that re quire deep ad di tional pu ri -
fi ca tion. Hence, in creas ing the re li abil ity of mon i tor -
ing the dis tri bu tion of ra dio ac tive el e ments in tech no -
log i cal and waste so lu tions is one of the im por tant
ar eas of ra di a tion safety.

To de ter mine the ura nium con tent in so lu tions, the
most wide spread meth ods are al pha and gamma spec -
trom e try, elec tro-an a lyt i cal and X-ray flu o res cence [1,

3-5]. Gamma spec trom e try is at trac tive pri mar ily for two
rea sons: it is char ac ter ized by the min i mum amount of
equip ment re quired for mea sure ments, the abil ity to
carry out an a lyzes based on vol umes rather than from the
sur face, and also the low cost of equip ment in the case of
gamma spec trom e ters with scin til la tion de tec tors. An
ob vi ous prob lem ex pected when us ing this method is a
long ex po sure time due to the low ac tiv ity of ura nium in
tech no log i cal so lu tions and a large sam ple vol ume (from
1 to 3 li ters in the en clos ing Marinelli ge om e try) [3].

An al ter na tive ap proach to solv ing the prob lem of 
de ter min ing ura nium in so lu tions can be the neu tron ac -
ti va tion anal y sis (NAA) method. Cur rently, for the de -
ter mi na tion of ura nium, var i ous ver sions of this method 
are ac cepted, in clud ing anal y sis for short- and me -
dium-life radionuclides us ing ther mal and epi ther mal
neu trons [6-8]. Anal y sis on epi ther mal neu trons us ing
me dium-liv ing radionuclides al lows one to reach a min -
i mum thresh old for the de ter mi na tion of ura nium but
re quires a re ac tor as a neu tron source [6], while when
per form ing in stru men tal NAA on short-lived iso topes,
sim pler and more mo bile radionuclide neu tron sources
can be used as a source, for ex am ple, based on 252Cf [9].

This work is aimed at de vel op ing a method for
de ter min ing the con tent of 238U in so lu tions em ploy -
ing the method of in stru men tal NAA on ther mal neu -
trons, us ing a radionuclide neu tron source based on
252Cf.
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METH OD OL OGY OF THE
EX PER I MENT

To pre pare the so lu tions, the re search team used
ura nium ni trate UO2(NO3)2·6H2O, with a ba sic sub -
stance con tent of at least 99.1 %. The sam ples un der
study were so lu tions with a vol ume of 10 to 1000 mL.
The chem i cal com po si tion was changed by add ing sul -
fate and flu o ride ions to a con cen tra tion of 5×10–2 molL–1.

De ter mi na tion of ura nium by the NAA was con -
ducted us ing a setup de vel oped at the In sti tute of Chem -
is try of the Far East ern Branch of the Rus sian Acad emy
of Sci ences, Vladivostok [10]. A ra dio iso tope source
based on 252Cf type NK252M11 with a to tal neu tron
flux of 8.77×108 s–1 was used as a neu tron source. The
ac ti va tion zone con sists of a cen tral chan nel with 252Cf
and 6 ver ti cal ir ra di a tion chan nels up to 16 cm high and
7.0 cm in di am e ter, fig. 1. Plexi glas was used as a mod -
er a tor, pro vid ing the max i mum flux of ther mal neu trons 
in the ac ti va tion zone [11].

The mea sure ment of the in duced ac tiv ity was
car ried out us ing a gamma spec trom e ter based on a co -
ax ial ger ma nium de tec tor GC2018 man u fac tured by
Can berra, USA, and the SBS-75 pulse sig nal pro ces -
sor man u fac tured by Green Star Tech nol o gies LLC.
The in te grated soft ware pack age for spec tro met ric
anal y sis eSBS Ver sion 1.6.7.0 and Gamma an a lyzer
for semi con duc tor de tec tor Ver sion 1.0 were used for
the col lec tion and pro cess ing of spec tra. The en ergy
res o lu tion of the spec trom e ter was 1.8 keV at ra di a tion 
en ergy of 1332 keV, and the rel a tive de tec tion ef fi -
ciency at the 1332 keV peak was 20 %.

To cal i brate the gamma spec trom e ter, closed ref -
er ence point sources of gamma ra di a tion of the
OSGI-3-2 type (60Co, 137Cs, 241Am, 152Eu, 22Na, 133Ba), 
lo cated di rectly at the end of the de tec tor, were used.

To de ter mine ura nium via the in stru men tal NAA
method, the re ac tion 238U + n ® 239U + g  was used, the

neu tron cap ture cross-sec tion for this re ac tion is s =
(2740 ± 60)×10–31 m2. The sam ple ac ti va tion time var -
ied from 30 to 90 minutes. For each sam ple, a cor rec -
tion was made for the ac ti va tion time. The mea sure -
ments were car ried out af ter a 2 min ute ex po sure. The
mea sure ment time was 30 min utes. The quan ti ta tive
de ter mi na tion of ura nium was con ducted by the
photopeak of the iso tope 239U with an en ergy of 74.6
keV. For the de ter mi na tion of ura nium, sam ples with a
vol ume of 1 to 100 mL were used, placed in plas tic cas -
settes with a di am e ter of 69 mm and a height of 50 mm; 
in these cas settes, the in duced ac tiv ity was also mea -
sured. The sam ples were in stalled di rectly on the end
of the gamma-ray de tec tor.

To ex clude the in flu ence of the char ac ter is tic ra -
di a tion of lead on the mea sure ment re sults of the ura -
nium line (74.6 keV), dur ing the ex per i ments, to pro -
tect the de tec tor, in stead of lead shields, iron shields,
60 mm thick, were used.

RE SULTS AND DIS CUS SIONS

To con struct the cal i bra tion curve of the NAA
method, the mea sure ment of the in ten sity of the an a lyt i -
cal sig nal of the 239U line de pend ing on the con cen tra -
tion of ura nium in the so lu tion was con ducted for sam -
ples with a vol ume of 50 mL. The du ra tion of the
mea sure ments was 30 min utes. The change in the con -
cen tra tion of ura nium in the sam ples was set within the
range of 0.1-1000 mgL–1. The re sults of these mea sure -
ments are pre sented in fig. 2 (ura nium con cen tra tion
range 50-1000 mgL–1) and fig. 3 (ura nium con cen tra -
tion range 0.1-10 mgL–1).

The cal i bra tion graph is de scribed by the equa -
tion of a straight line

I C C( ) . .= × +00637 00319 (1)

where I is the in ten sity of the an a lyt i cal sig nal and C –
the con cen tra tion of ura nium in the so lu tion.
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Fig ure 1. Di a gram of the NAA unit with a radionuclide
cal i for nium neu tron source: 1 – ra di a tion pro tec tion, 2 –
mov able rod with a source, 3 – the 252Cf radionuclide
source, 4 – plexi glass re tarder block, 5 – chan nel for a
neu tron source, 6 – sam ples in ac ti va tion chan nels, and 7
– mov able load ing block

Fig ure 2. De pend ence of the in ten sity of the an a lyt i cal
sig nal on the con cen tra tion of ura nium in so lu tion
(con cen tra tion range 50-1000 mgL–1)



The limit of de tec tion (LD) – the min i mum
amount of an analyte in a sam ple that can be de tected
and the limit of quan ti ta tive de tec tion (LQ) – the min i -
mum amount of an analyte in a sam ple that can be
quan ti fied with the re quired ac cu racy and pre ci sion,
were cal cu lated 

LD
S

a
= 33. (2)

LQ
S

a
= 10 (3)

where S is the stan dard de vi a tion of the an a lyt i cal sig -
nal, a – the sen si tiv ity co ef fi cient, which is the ra tio of
the an a lyt i cal sig nal to the de ter mined value (the tan -
gent of the slope of the cal i bra tion curve). 

The cal cu la tion of the sen si tiv ity co ef fi cient a
and stan dard de vi a tion S was car ried out us ing the
stan dard for mu las of the least square's method.
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where b is the free mem ber (the value of the an a lyt i cal
sig nal in the ref er ence ex per i ment with out sam ple).

For a lin ear cal i bra tion graph, the value of the
stan dard de vi a tion of the an a lyt i cal sig nal S is equal to
the stan dard de vi a tion Sa of the free term of the equa -
tion of this graph, which can be de ter mined by the for -
mula
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As the ini tial data for cal cu la tions by eqs.
(2)-(5), we used the data pre sented in figs. 2 and 3 ex -
per i men tal data: val ues of ura nium con cen tra tion in
so lu tion – xi, and an a lyt i cal sig nal in ten sity – yi.

The es ti ma tion of the rel a tive er ror LD and LQ
was made ac cord ing to the for mula
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where n is the num ber of cal i bra tion points, k – the num -
ber of in de pend ent co ef fi cients in the cal i bra tion for -
mula, ~yi  – the cor re spond ing value for point i ob tained
from the con structed cal i bra tion curve, and wi – the sta -
tis ti cal weight of the point. The rel a tive er ror in de ter -
min ing the con sid ered val ues does not ex ceed 9.5 %.

For a sam ple with a vol ume of 50 mL, with a
mea sure ment time of the in duced ac tiv ity of 30
minutes, the fol low ing re sults were ob tained

LD = (0.094 ± 0.009) mgL–1

LQ = (0.286 ± 0.027) mgL–1

Due to the short life time of the 239U radionuclide,
the half-life of which (23.45 min utes) is com men su rate
with the mea sure ment time, LD and LQ will sig nif i -
cantly de pend on time. The de pend ence of LD and LQ
on the mea sure ment time is in flu enced by two fac tors:
the im prove ment of the sig nal-to-noise ra tio over time
due to the sta tis ti cal ac cu mu la tion of the an a lyt i cal sig -
nal of ura nium and the de te ri o ra tion of the sig -
nal-to-noise ra tio due to a grad ual de crease in the in ten -
sity of the an a lyt i cal sig nal due to the de cay of ura nium.

For gamma spec trom e try, LD can be de ter mined

LD
a

I

t
=

1 back

meas

(7)

where tmeas  is the mea sure ment time, Iback – the av er age
value of the back ground count rate un der the peak of
to tal ab sorp tion, cal cu lated from the data of n mea -
sure ments, and a – the sen si tiv ity co ef fi cient.

The sen si tiv ity co ef fi cient is cal cu lated by the
for mula

a
I

C
=

peak

U

(8)

where CU is the con cen tra tion of ura nium in the so lu -
tion, and Ipeak – the in ten sity of the an a lyt i cal sig nal of
the sam ple.

Tak ing into ac count that the mea sure ment time
of the in duced ac tiv ity of the sam ple is com men su rate
with the mea sure ment time when cal cu lat ing the in ten -
sity of the an a lyt i cal sig nal, it is nec es sary to con sider
the de cay of the an a lyzed radionuclide dur ing the mea -
sure ment

I I
t

tmeas

peak o
meas

e
=

- -1 l

l
(9)

where Io is the in ten sity of the an a lyt i cal sig nal at the
be gin ning of the mea sure ment and  l – the de cay con -
stant.
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Fig ure 3. De pend ence of the in ten sity of the an a lyt i cal
sig nal on the con cen tra tion of ura nium in so lu tion
(con cen tra tion range 0.1-10 mgL–1)



Thus, sub sti tut ing eqs (8) and (9) into eq. (7), the
re search team ob tained the fol low ing for mula for cal -
cu lat ing LD
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(10)

To de ter mine the de pend ence of LD on the mea -
sure ment time of the in duced ac tiv ity of the sam ple, 20 
mea sure ments were car ried out with ex per i men tal
data. The mea sure ments were con ducted with a 50 mL
sam ple, the ura nium con cen tra tion in the so lu tion was
10 mgL–1, the ac ti va tion time was 1 hour, the mea sure -
ment time var ied from 300 sec onds to 6000 sec onds
with an in ter val of 300 sec onds. For each of the spec -
tra, LQ was cal cu lated us ing eq. (9). The cal cu la tion
re sults are pre sented in tab. 1 and fig. 4.

The re sults ob tained show that the min i mum val -
ues for LD and LQ are reached at a time of mea sure -
ment of the in duced ac tiv ity of ura nium of the or der of
1800 sec onds. A fur ther in crease in time is im prac ti cal.

To take into ac count the in flu ence of scat ter ing
and self-ab sorp tion ef fects on the re sults of gamma
spec trom e try of ura nium sam ples, the de pend ence of
the an a lyt i cal sig nal of the in duced ac tiv ity of the sam -
ple on the vol ume and den sity of the sam ple was in ves -
ti gated.

To plot the de pend ence of the an a lyt i cal sig nal
in ten sity on the vol ume, a ura nium so lu tion with a con -
cen tra tion of 10 mgL–1 was used. The sam ples were
packed in plas tic cuvettes 69 mm in di am e ter and 48
mm in height. The mea sure ment re sults are shown in
fig. 5.

The mea sure ment re sults in di cate the gen eral
non lin ear na ture of the de pend ence of the an a lyt i cal
sig nal in ten sity on the sam ple vol ume, how ever, for
the range of 2.5-20 mL, a lin ear por tion of the de pend -
ence can be dis tin guished, de scribed by the equa tion:
I(V) = 0.022×V + 0.011, which makes it pos si ble to ef -
fec tively com pare the re sults ob tained for sam ples of
dif fer ent vol umes in this range.

To plot the de pend ence of the an a lyt i cal sig nal
in ten sity on the den sity, NaNO3 was added to the sam -
ple by suc ces sively in creas ing the so lu tion den sity. To
take into ac count the in crease in the sam ple vol ume
and the si mul ta neous de crease in the vol ume con cen -
tra tion of ura nium in the so lu tion due to the ad di tion of
the NaNO3 salt so lu tion, the an a lyt i cal sig nal in ten si -
ties were re cal cu lated based on the pre vi ously ob -
tained cal i bra tion curves for con cen tra tion dCi and
vol ume dVi.

dC
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I

C

C
i

i i= =
+
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. .

. .
(11)
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Ta ble 1. De pend ence of LD on the mea sure ment time

Tmeas [s] Ipeak [s
–1] Iback [s

–1] LQ [mgL–1] s(LQ) [mgL–1]

150 0.742 0.438 0.756 0.087

300 0.723 0.420 0.543 0.058

600 0.736 0.457 0.430 0.032

900 0.721 0.425 0.363 0.023

1200 0.625 0.459 0.349 0.022

1500 0.539 0.425 0.321 0.020

1800 0.495 0.443 0.319 0.020

2100 0.469 0.460 0.320 0.020

2400 0.450 0.459 0.318 0.020

2700 0.418 0.477 0.324 0.020

3000 0.414 0.482 0.327 0.020

3300 0.411 0.486 0.331 0.020

3600 0.395 0.481 0.333 0.020

3900 0.387 0.484 0.338 0.021

4200 0.381 0.480 0.341 0.021

4500 0.381 0.476 0.345 0.021

4800 0.379 0.476 0.351 0.022

5100 0.388 0.473 0.355 0.022

5400 0.395 0.463 0.357 0.022

5700 0.389 0.465 0.364 0.023

6000 0.371 0.457 0.367 0.023

Fig ure 4. De pend ence of LD on the mea sure ment time

Fig ure 5. De pend ence of the an a lyt i cal sig nal in ten sity on 
the sam ple vol ume
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The en tered cor rec tion fac tors rep re sent the ra tio 
of the an a lyt i cal sig nal in ten sity for a given con cen tra -
tion and sam ple vol ume to the in ten sity value of the
orig i nal ref er ence sam ple. The fi nal value of the sig nal 
in ten sity is ob tained by mul ti ply ing the value of the
an a lyt i cal sig nal in ten sity by the value of the cor rec -
tion fac tors

I I C Vi i= × ×APP d d (13)

The cal cu la tion re sults are shown in tab. 2.
Based on the data ob tained, a graph of the de -

pend ence of the an a lyt i cal sig nal in ten sity on the den -
sity of the test so lu tion was con structed. The re sult ing
graph is shown in fig. 6.

The ob tained de pend ence of the an a lyt i cal sig nal 
in ten sity on the sam ple den sity is de scribed by a
weakly de creas ing func tion. In the range of den si ties
from 1.0 to 1.2 mg cm–3, the spread of the re sults of
changes in the an a lyt i cal sig nal does not ex ceed the
sta tis ti cal mea sure ment er ror, thus, in this range of
changes in the den sity of the sam ple, one can ig nore.

CON CLU SIONS

The stud ies con ducted show that for the de ter mi -
na tion of nat u ral ura nium in so lu tions via the NAA
method us ing a radionuclide neu tron source based on
252Cf, for a sam ple with a vol ume of 50 mL, with a mea -
sure ment time of 1800 sec onds, it is pos si ble to achieve
LD and LQ no more than 0.1 mgL–1 and 0.3 mgL–1, re -
spec tively. Ad di tional re duc tion of LD and LQ val ues
by 2-5 times is pos si ble due to pre lim i nary con cen tra -
tion of the sam ple, for ex am ple by evap o ra tion.

The de pend ence of LD and LQ on the mea sure -
ment time of the in duced ac tiv ity of the sam ple was ob -
tained. It has been es tab lished that the max i mum ac cu -
racy of de ter min ing 238U is achieved with a mea sure ment 
time of the in duced ac tiv ity of about 1800 sec onds.

The in flu ence of the ef fects of scat ter ing and
self-ab sorp tion of gamma ra di a tion of the ura nium
line 74.6 keV on the re sults of neu tron ac ti va tion anal -
y sis is es tab lished. The lin ear sec tions of the de pend -
ence of the in ten sity of the an a lyt i cal sig nal of ura nium 
on the vol ume (from 2.5 to 20 mL) and den sity (from
1.0 to 1.2 mg cm–3) were de ter mined.

The car ried out stud ies make it pos si ble to de ter -
mine ura nium by the NAA method in so lu tions of var i -
ous com po si tions, in a wide range of con cen tra tions,
and with dif fer ent sam ple vol umes. Thus, the NAA
method with a radionuclide source based on 252Cf can
be suc cess fully used to solve a wide range of prob lems
of de tec tion and quan ti ta tive de ter mi na tion of ura -
nium con cen tra tion in so lu tions.
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Ta ble 2. Study re sults of the de pend ence of the an a lyt i cal sig nal in ten sity on the den sity of the so lu tion

Den sity of so lu tion [gcm–3] IAPP [s
–1]

Vol ume er ror
cor rec tion dVi

Con cen tra tion er ror
cor rec tion dCi

I cor rected [s–1]
Ab so lute

mea sure ment er ror [s–1]

1.000 0.429 1.000 1.000 0.429 0.034

1.005 0.432 1.003 0.995 0.431 0.027

1.012 0.423 1.004 0.993 0.422 0.031

1.019 0.418 1.006 0.990 0.416 0.028

1.026 0.421 1.007 0.987 0.419 0.037

1.032 0.420 1.009 0.984 0.417 0.036

1.039 0.418 1.011 0.981 0.415 0.038

1.057 0.419 1.012 0.980 0.415 0.038

1.067 0.418 1.017 0.971 0.413 0.036

1.104 0.415 1.022 0.962 0.408 0.036

1.143 0.407 1.027 0.955 0.399 0.039

1.186 0.416 1.029 0.951 0.407 0.044

1.226 0.418 1.032 0.946 0.408 0.044

1.318 0.401 1.033 0.944 0.391 0.039

1.410 0.414 1.034 0.943 0.404 0.047

1.502 0.396 1.035 0.942 0.386 0.046

Fig ure 6. De pend ence of the an a lyt i cal sig nal in ten sity on 
the sam ple den sity
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ODRE\IVAWE  URANIJUMA  U  RASTVORIMA  METODOM  NEUTRONSKE 
AKTIVACIONE  ANALIZE  SA  252Cf  IZVOROM  NEUTRONA

Ispitana je opcija odre|ivawa 238U u rastvorima neutronskom aktivacionom analizom.
Tretman radionuklida zasnovan je na kori{}ewu 252Cf izvora neutrona. U okviru istra`ivawa
utvr|ena je granica od 0.1 mgL–1 za odre|ivawe uranijuma pomo}u termi~kih neutrona. Uz pomo}
preliminarne koncentracije uzorka metodom isparavawa, mogu}e je dodatno smawiti granicu
detekcije za 2-5 puta. Definisano je da je 30 minuta optimalno vreme za merewe indukovane
aktivnosti uzorka pri radu sa kratro`ive}im izotopom 239U. Utvr|en je uticaj rasejawa i
samoapsorpcije gama zra~ewa uranijumske linije od 74,6 KeV na rezultate analize neutronske
aktivacije. Sprovedena istra`ivawa omogu}ila su odre|ivawe uranijuma u {irokom opsegu
koncentracije metodom neutronske aktivacione analize u rastvorima razli~itih sastava.

Kqu~ne re~i: prirodni uranijum u rastvoru, neutronska aktivaciona analiza, gama
..........................spektrometrija, granica detekcije


