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The scan ning elec tron mi cro scope and its at tached X-ray unit are valid tools for con duct ing
sur veys to de ter mine whether or not the stud ied sam ples con tain nu clear ma te rial. To ver ify
their struc ture,  ten  solid  ura nyl  ni trate spec i mens with var i ous en rich ment val ues (0.1 % to
1 %) were an a lyzed. The used sam ples have dif fer ent num bers of hy drated wa ter mol e cules;
con se quently, the prop er ties of these ma te ri als in an a lyt i cal chem is try and com pu ta tional
meth ods  are  not  the  same. Scan ning elec tron mi cro scope and en ergy dispersive X-ray are
used in this work to vi su al ize and an a lyze the sam ple of hexahydrate ura nyl ni trate (nat u ral
0.72 %). The spec i men has been screened un der op ti mal mi cros copy cir cum stances. In spite
of the re li abil ity of these tools, they are not ac cu rate, par tic u larly when car ry ing out com plete
qual i ta tive and quan ti ta tive anal y sis. With the aid of the Monte Carlo code (MCNP-5), the
ap proach pre sented here can re solve the lim i ta tions that tackle the mi cro scope and X-ray test -
ing. The sug gested ap proach re lates to the Monte Carlo cal cu la tions and X-ray el e men tal anal -
y sis. This re la tion ship de pends on the chem i cal com po si tion of the ma te rial and was de vel -
oped like soft ware. The con cen tra tion and count rate cal cu la tion soft ware has been
es tab lished to de ter mine the wa ter of crys tal li za tion for ura nyl ni trate sam ples.
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IN TRO DUC TION

Wa ter mol e cules ex ist ing in side crys tals are called
Wa ter of crys tal li za tion or wa ter of hydration [1]. This
type of wa ter lies in the crys tal struc ture of a com plex or a 
salt and is not bonded to the metal cat ion di rectly. The
heat ing of the sam ple can cause this wa ter to be re moved
and may also cause a loss of crys tal line prop er ties. Crys -
tal li za tion is found in many ura nium and tho rium com -
pounds. One of the most widely used ma te ri als that have
this prop erty is ura nyl ni trate. It is a cru cial com pound in
the nu clear fuel cy cle. It oc curs in var i ous hydration
forms such as the hexahydrate [UO2(NO3)2.6H2O], and
the trihydrate [UO2(NO3)2.3H2O] forms.

The hexahydrate form is con sid ered the most
pop u lar ura nium salt for com mer cial pur poses. This
form con tains a small amount of im pu rity such as al -
kali there fore, it may re quire sev eral cy cles of pu ri fi -
ca tion. It is pre pared by dis solv ing ura nium ox ides or
hy drox ides in an in or ganic sol vent (ni tric acid) [2].

It is nec es sary to de ter mine the chem i cal com po -
si tion of ura nium sam ples through mea sure ments em -
ploy ing de struc tive as say (DA) tech nique. The change 
in the num ber of wa ter mol e cules in a sam ple re sults in
vari a tion of the den sity of the ma te rial that leads to the
mod i fi ca tion of some ma te rial card en tries in
MCNP-5; there fore, this study aims to find a meth od -
ol ogy for de ter min ing the num ber of wa ter mol e cules,
in cer tain com pounds, that are more sig nif i cant in nu -
clear safe guards. 

A nu clear safe guard is an in ter na tional ap proach
im ple mented by the United Na tions in or der to as sure
peace ful ap pli ca tions of ra di a tion. The most em ployed 
tech nique in safe guards is mi cros copy and X-ray anal -
y sis. A SEM and en ergy dispersive X-ray (EDX) play
a role in lo cat ing par ti cles, an a lyz ing them, and mea -
sur ing their mi cro size.  The SEM can re veal in for ma -
tion re lated to sam ple com po si tion and its sur face to -
pog ra phy. The EDX uses a solid sam ple X-ray
spec trum to ob tain el e men tal chem i cal anal y sis [3].
All el e ments, in clud ing atomic num bers 4 (Be), and 92 
(U) can be de tected.
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The method de scribed is based on a Monte Carlo
N-Par ti cle (MCNP) gen eral-pur pose code. This work
ex plains a new method for de ter mi na tion of wa ter of
crys tal li za tion in ura nyl ni trate sam ples us ing SEM,
EDX, and MCNP-5, to re solve the short age that faces
SEM and EDX with MCNP sim u la tion Code. The
scar city is par tial qual i ta tive and semi-quan ti ta tive
anal y sis. In ad di tion to this ob jec tive, con cen tra tion
and count rate cal cu la tion (CCC) soft ware is set up to
pro mote the chem i cal com po si tion ob tain ing. The
mea sured com mer cial ura nyl ni trate hexahydrate,
used in this study, is lo cated at key mea sure ment point
(KMP I) at the Egyp tian nu clear and ra dio log i cal reg u -
la tory au thor ity (ENRRA).

EX PER I MEN TAL SET-UP
AND TECH NIQUES

 Sam ples de scrip tion

 Ten tested ura nyl ni trate sam ples with dif fer ent
en rich ment val ues which ranged from 0.1 % to 1% in a
solid phase, and a mass of 50 g, were stud ied. De tailed
in for ma tion on each sam ple is shown in tab. 1.

Mea sure ments by SEM and EDX

The SEM uti lized in this study is a JEOL
JSM-6510LV model with res o lu tion of 1 1 pD – 1 mD
(1 D = 10–10 m) [3]. The spec i men was fixed in side the
holder and was placed in side the ap pa ra tus evac u a tion
cham ber at work ing dis tance 10 mm (WD10 mm),
volt age 30 kV, mag ni fi ca tion value 200, and spot size
50 [4]. The pre vi ous con di tions are re lated to the char -
ac ter is tics of the pri mary elec tron beam that gen er ated
from the fil a ment and bom barded through the elec tron
gun. In EDX anal y sis, de tec tion lim its are typ i cally
about 0.1 wt.%, al though re duc tion can be achieved by 
us ing long count ing times or better count rate (CR) us -
ing SDD de tec tors [5].

Monte Carlo mod el ing for the
pro posed sys tem

The gen eral Monte Carlo code (MCNP-5) was
used to com pute the ab so lute ef fi ciency of the de tec tor
[6, 7]. The char ac ter is tics and spec i fi ca tions of the pla -

nar HPGe de tec tor and tested NM were mod eled [8],
and 40 in put files were cre ated to run for these cal cu la -
tions. Also, there were 109 his to ries (num ber of pho -
tons) of 35 min utes run ning time used in these cal cu la -
tions. The spec i fi ca tions of the used lap top are 2.5 GHz
Intel Core i7 pro ces sor. A tally card F8 is used to de ter -
mine the pulse height of the de tec tor and to cal cu late the
ab so lute ef fi ciency of the de tec tor at 185.7 keV en ergy
line [9].

Gamma cal cu la tions

High Pu rity Ger ma nium de tec tor (HPGe) [Can -
berra; model GL0515R with an ac tive area of 540 mm2,
1.5 cm height, and 122 keV FWHM at 540 eV] was
used in the MCNP in puts. Multi-chan nel an a lyzer [in -
spec tor, Model IN2K], to col lect the in put en ergy
pulses, the de tec tor was ad justed at high volt age
(2500V) [10-13]. A set of tested NM sam ples were used 
for ex e cut ing the com pu ta tional cal cu la tions. Dur ing
these cal cu la tions, ten ura nyl ni trate spec i mens with
dif fer ent wa ter of crys tal li za tion that have var i ous en -
rich ment (De pleted, Nat u ral and low en riched) were
placed in a cy lin dri cal bot tle. The bot tle was made from
Poly propy lene, con tained 50 g of UO2(NO3)2 and its
dihydrate, tetra and hexahydrate forms. 

The ex ter nal di am e ter of the bot tle was 13 mm
while the in ter nal one was 11 mm; as well, the fill
height of the com pact pow der of all the sam ples was
42 mm. The spec i men was placed fac ing the de tec tor. 

Con cen tra tion and count
rate cal cu la tion soft ware

The CCC soft ware was built to fa cil i tate ob tain -
ing of the chem i cal com po si tion of the as sayed ura nyl
ni trate sam ple. Al though the de tec tion limit of EDX
mea sure ment, at the hy dro gen en ergy line, is not avail -
able and out of the de tec tion range, the CCC soft ware
is the ap pro pri ate so lu tion for this task.

The soft ware was com piled by vi sual ba sic (ver -
sion 6) that op er ated un der win dows. The CCC soft -
ware is con cerned with cer tain Ura nyl ni trate com -
pounds which have dif fer ent amount of hy drated
wa ter. The CCC soft ware is di vided into two seg -
ments: one for EDX mea sure ment and the other for
HPGe de tec tor mea sure ment. In the first seg ment, by
se lect ing the chem i cal com po si tion form, the mass ra -
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Ta ble 1. De scrip tion of the tested uranil nitrate NM sam ples used in the mea sure ments

Sample ID Chemical formula Molecular mass [g mol–1] Mass [g] Enrichment Range

UNH-6 UO2(NO3)2.6H2O 502.1292 

50 0.1-1%
UNH-4 UO2(NO3)2.4H2O 466.0986

UNH-2 UO2(NO3)2.2H2O 430.0681

UN UO2(NO3)2 394.0375 



tios of each el e ment are cal cu lated at cer tain char ac ter -
is tic X-ray en ergy lines: at 0.392 KeV for ni tro gen,
0.525 KeV for ox y gen and 3.164 KeV for ura nium. 
The sec ond seg ment con tains two vari ables ob tained
from fit ting the data be tween the CR and the en rich -
ment val ues. Each com pound has dif fer ent pa ram e ters
de pend ing on its chem i cal com po si tion. By en ter ing
the en rich ment value, the CR of U-235, at the en ergy
line 185.7 KeV, is cal cu lated. 

Any com pound has a mo lec u lar weight and a
den sity that are con sid ered im por tant fac tors in MCNP 
code for get ting the CR. As the CR changes, the den -
sity changes and vice versa. Fi nally, the num ber of hy -
drated wa ter mol e cules is de ter mined.

RE SULTS AND DIS CUS SION

SEM re sults

For qual i ta tive anal y sis, it is of in ter est to look
for ura nium in sam ples and to ob tain a rough es ti ma -
tion of the amount of each el e ment within the sam ple.
This can be done by iden ti fy ing the peaks in the X-ray
spec trum (fig. 1 shows the SEM im age of the UNH-6
sam ple). For quan ti ta tive anal y sis, the pro por tion of
each el e ment is mea sured us ing ar eas un der the X-ray
peaks. Ta ble 2 sum ma rizes the the o ret i cal and ex per i -
men tal cal cu la tions of ura nyl ni trate hexahydrate.

Ta ble 2 shows that the dif fer ence be tween the
ex per i men tal and the the o ret i cal cal cu la tions, due to
el e ments such as hy dro gen, has no chance of ap pear -
ing as a peak in the EDX spec trum. Hence, quan ti fy ing 
nu clear sam ples that con tain wa ter of crys tal li za tion
may be mis lead ing. 

Ta ble 3 shows the the o ret i cal cal cu la tions of the
ura nyl ni trate sam ple with dif fer ent num ber of mol e -
cules of wa ter of crys tal li za tion. The four el e ments (H, 
N, O, and U) have dif fer ent mass per cent ages. Ura -
nium is the most abun dant el e ment in all the sam ples,
while hy dro gen is the least. By in creas ing the amount
of hy drated wa ter, the ra tio of hy dro gen ex pressed in
mass per cent age in creases.

The CR for en ergy line (185.7 keV), with ac com -
pa ny ing un cer tain ties, sCR, at dif fer ent en rich ment val -
ues of the tested NM, are given in ta bles (4)-(7). Ta ble 4
shows the re la tion ship be tween the cal cu lated CR us ing 
MCNP-5, tested NM en rich ment and the mass of
U-235. The value of ab so lute full-en ergy peak ef fi -
ciency was cal cu lated by MCNP-5, so the CR was ob -
tained [13]. All the es ti mated un cer tain ties due to
Monte Carlo cal cu la tions were less than 0.01 % [14]. It
is clear that, by in creas ing the sam ple en rich ment, the
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Fig ure 1. Ura nyl ni trate hexahydrate SEM im age at
X200

Ta ble 2. The o ret i cal and ex per i men tal cal cu la tion of ura nyl ni trate hexahydrate

Sam ple UNH-6 sam ple (ex per i men tal by EDX)

El e ment H Er ror N Er ror O Er ror U Er ror

Mass [%] 2.81 0.004 45.59 0.0036 51.60 0.0039

Sam ple UNH-6 sam ple (the o ret i cal cal cu la tion)

El e ment H N O U

Mass [%] 2.408813 5.578925 44.6084 47.40387

Ta ble 3. The o ret i cal cal cu la tion of ura nyl ni trate sam ple with dif fer ent wa ter of crys tal li za tion

Sample UNH-4 sample (theoretical calculation)

Element H N O U

Mass [%] 1.730013 6.01019 41.19149 51.06831

Sample UNH-2 sample (theoretical calculation)

Element H N O U

Mass [%] 0.9374759 6.513717 37.20206 55.34675

Sample UN sample (theoretical calculation)

Element H N O U

Mass [%] 0.4892316 6.798502 34.94571 57.76656



CR in creases. The same trend is also re marked in tabs.
(5)-(7). 

In ra di a tion spec tros copy, it is im por tant to pro -
duce math e mat i cal cal i bra tion curves for ra di a tion de -
tec tors. The va lid ity of the pro posed model is checked
us ing sets of nu clear ma te rial stan dards [15]. Fig ures
2(a)-2(d), show the re la tion ship be tween the CR and
en rich ment for tested NM sam ples. The fit ting cal i bra -
tion curve is ob tained for all the sam ples [16]. The CR
over all un cer tainty, sCR has been pro duced from sta -
tis ti cal un cer tain ties of the ac tiv ity and ef fi ciency val -
ues cal cu lated by MCNP code [17, 18].

The two pa ram e ters in the sec ond part of CCC
soft ware are ob tained by fit ting the data be tween the
CR and en rich ment. The an a lyst can make use of the
fol low ing flow chart to dem on strate the pro cess used
by CCC soft ware. The pro cess con sists of five steps
needed to de ter mine the num ber of hy drated wa ter
mol e cules. It be gins with pre par ing the sam ple, then
scan ning it us ing SEM then EDX anal y sis to de ter -
mine ura nium con cen tra tion and ends with cal cu lat ing
the CR and com par ing it with that pro duced from the
soft ware.
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Ta ble  4. Cal cu lated CR of en ergy line 185.7 KeV due to 235U iso topes with as so ci ated un cer tain ties
for ura nyl ni trate sam ple at dif fer ent en rich ment val ues (0.1-1 %)

Sam ple En rich ment [%] Count rate ± (sCR)  [s–1] Mass of U [g] Mass of 235U [g]

1 0.1 0.0546 ± 3.113×10–5

30.203

0.01824

2 0.2 0.1092 ± 6.225×10–5 0.03648

3 0.3 0.1638 ± 9.340×10–5 0.05473

4 0.4 0.2184 ± 12.455×10–5 0.07298

5 0.5 0.2730 ± 15.567×10–5 0.09122

6 0.6 0.3276 ± 18.682×10–5 0.10947

7 0.7 0.3822 ± 21.795×10–5 0.12771

8 0.8 0.4368 ± 24.909×10–5 0.14596

9 0.9 0.4914 ± 28.022×10–5 0.16420

10 1 0.5459 ± 31.136×10–5 0.18244

Ta ble 5. Cal cu lated CR of en ergy line 185.7 KeV due to 235U iso topes with as so ci ated un cer tain ties for ura nyl ni trate
dihydrate sam ple at dif fer ent en rich ment val ues (0.1-1 %)

Sam ple Enrichment [%] Count rate ± (sCR)  [s–1] Mass of U [g] Mass of 235U [g]

1 0.1 0.0444 ± 2.534×10–5

27.670

0.01530

2 0.2 0.0889 ± 5.074×10–5 0.03063

3 0.3 0.1334 ± 7.611×10–5 0.04594

4 0.4 0.1779 ± 10.147×10–5 0.06125

5 0.5 0.2224 ± 12.683×10–5 0.07656

6 0.6 0.2668 ± 15.221×10–5 0.09188

7 0.7 0.3113 ± 17.757×10–5 0.10719

8 0.8 0.3558 ± 20.294×10–5 0.12250

9 0.9 0.4002 ± 22.830×10–5 0.13781

10 1 0.4447 ± 5.368×10–5 0.15313

Ta ble 6. Cal cu lated CR of en ergy line 185.7 KeV due to 235U iso topes with as so ci ated un cer tain ties for ura nyl ni trate
tetrahydrate sam ple at dif fer ent en rich ment val ues (0.1-1 %)

Sam ple En rich ment [%] Count rate (sCR)  [s–1] Mass of U [g] Mass of 235 U [g]

1 0.1 0.0369 ± 2.102×10–5

25.531

0.01304

2 0.2 0.0734 ± 4.203×10–5 0.02607

3 0.3 0.1105 ± 6.304×10–5 0.03911

4 0.4 0.1474 ± 8.406×10–5 0.05215

5 0.5 0.1842 ± 10.506×10–5 0.06518

6 0.6 0.2213 ± 12.658×10–5 0.07853

7 0.7 0.2579 ± 14.711×10–5 0.09126

8 0.8 0.2948 ± 16.811×10–5 0.10429

9 0.9 0.3316 ± 18.913×10–5 0.11733

10 1 0.3685 ± 20.012×10–5 0.13037



CON CLU SIONS

Among safe guard as say tech niques, SEM and
EDX have ad van tages as they can quickly iden tify
any un known ma te rial to re veal its com po si tion for
nu clear safe guards in spec tions. How ever, it also has 
some lim i ta tions, par tic u larly when qual i fy ing el e -
ments of lower atomic num bers (Z < 4), as well as,

they pro vide us with a semi-quan ti ta tive spec trum.
There is no po ten tial for el e ments such as hy dro gen
to ap pear as a peak in the EDX spec trum. There fore,
it is not ac cu rate to quan tify nu clear sam ples con -
tain ing hydration wa ter. The ap pli ca tion for as sess -
ing con cen tra tion and count in ten sity is ap pro pri ate
and re li able for eval u at ing the ura nyl ni trate de gree
of crys tal li za tion. The pro posed meth od ol ogy in
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Ta ble 7. Cal cu lated CR of en ergy line 185.7 KeV due to 235U iso topes with as so ci ated un cer tain ties for ura nyl ni trate
hexahydrate sam ple at dif fer ent en rich ment val ues (0.1-1%)

Sam ple Enrichment [%] Count rate ± (sCR)  [s–1] Mass of U [g] Mass of 235U [g]

1 0.1 0.0309 ± 1.766×10–5

23.699

0.01123

2 0.2 0.0619 ± 3.532×10–5 0.02246

3 0.3 0.0929 ± 5.298×10–5 0.03369

4 0.4 0.1239 ± 7.065×10–5 0.04493

5 0.5 0.1548 ± 8.831×10–5 0.05616

6 0.6 0.1858 ± 10.590×10–5 0.06739

7 0.7 0.2168 ± 12.360×10–5 0.07863

8 0.8 0.2477 ± 14.130×10–5 0.08986

9 0.9 0.2787 ± 15.890×10–5 0.10109

10 1 0.3088 ± 17.610×10–5 0.1120

Fig ure 2 (a-d). The re la tion be tween CR and en rich ment for ura nyl ni trate sam ple, the dihydrate form,
the tetrahydrate and the hexahydrate, re spec tively; cps means counts per second



this study cor re lates be tween the EDX mea sure -
ments and CR cal cu lated from MCNP-5. This cor re -
la tion is ac com plished us ing pro posed ura nyl ni trate 
sam ples with dif fer ent en rich ment val ues that dif fer
in the de gree of hydration. The meth od ol ogy proves
that it can over come EDX lim i ta tions and can be
con sid ered an ad di tional tool for cov er ing all el e -
ments in the pe ri odic ta ble.

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 three au thors. 
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Sameh EL-SAJED [ABAN, Mohamed Helmi HAZA, Ra{a Ali EL-TAJEBANI

NOVA  METODOLOGIJA  ODR\IVAWA  KRISTALIZACIJE  VODE  ZA  UZORKE 
URANIL  NITRATA  PRIMENOM  SKENIRAJU]EG  ELEKTRONSKOG

MIKROSKOPA,  ENERGETSKE  DISPERZIJE  X-ZRA^EWA  I  MCNP5  PROGRAMA

Skeniraju}i elektronski mikroskop i prikqu~eni rendgen-aparat predstavqaju
validan alat za utvr|ivawe prisustva nuklearnih materijala u ispitivanim uzorcima. Radi
verifikacije wihovih struktura, analizirano je deset ~vrstih uzoraka uranil nitrata sa
razli~itim vrednostima oboga}ewa (od 0.1 % do 1 %). Kori{}eni uzorci imaju razli~it udeo
hidrirane vode, te stoga svojstva ovih materijala u ra~unarskim i metodama analiti~ke hemije nisu 
ista. Skeniraju}i elektronski mikroskop i energetska disperzija X-zra~ewa primeweni su u ovom
radu kako bi se vizualizovali i analizirali uzorci heksakidrat uranil nitrata (prirodni 0.72 %). 
Uzorak je skeniran pod optimalnim uslovima mikroskopa. Uprkos pouzdanosti ovih ure|aja, oni
ipak nisu dovoqno ta~ni, naro~ito kada se sprovodi kompletna kvalitativna i kvantitativna
analiza. Uz pomo} Monte Karlo programskog paketa (MCNP5), postupak koji je prikazanu ovom
radu mo`e re{iti ograni~ewa mikroskopa i testirawa X-zra~ewem. Predlo`ena metoda odnosi se 
na Monte Karlo prora~une i elementalnu analizu X-zra~ewem. Veza zavisi od hemijskog sastava
materijala i razvijenog programskog paketa. Programski paket za prora~un koncentracije i broja
impulsa ostvaren je kako bi se odredila voda kristalizacije za uzorke uranil nitrata.

Kqu~ne re~i: uranil nitrat, koncentracija, programski paket MCNP5, kristalizacija vode


