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/ȅƪƭ Ǉŀƭƛǿƻǿȅ ǊŜŀƪǘƻǊŀ ƧŊŘǊƻǿŜƎƻ
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Material balance in the nuclear fuel cycle

Mining Anything from 20,000 to 400,000 tonnesof uranium ore

Milling 230 tonnesof uranium oxide concentrate (which contains 195 tonnesof uranium)

Conversion 288 tonnesuranium hexafluoride, UF6 (with 195 tU)

Enrichment 35 tonnesenriched UF6 (containing 24 t enriched U) ςbalance is 'tails'

Fuel fabrication 27 tonnesUO2 (with 24 t enriched U)

Reactor 
operation

8760 million kWh (8.76 TWh) of electricity at full output, hence 22.3 tonnesof natural U per TWh

Used fuel
27 tonnescontaining 240 kg transuranics(mainly plutonium), 23 t uranium (0.8% U-235), 1100 kg 
fission products.

The above figure may be regarded as typical for the annual operation of a 1000 MWenuclear power reactor such as many operating today
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tƻƴŀŘ плл ǊŜŀƪǘƻǊƽǿ ƴŀ ǏǿƛŜŎƛŜ ϝ нт ǘƻƴ κǊŜŀƪǘƻǊκǊƻƪ Ғ мл ллл ǘκǊƻƪ
= 1x1010g/rok/19.1g/cm3Ғ рȄмл8cm3κǊƻƪҒ рлл Ƴ3/rok
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/ƻ ǘƻ ǎŊ ƻŘǇŀŘȅ ƧŊŘǊƻǿŜ

Used fuel from light water reactors (at normal US burn-up levels) contains approximately:

Å95.6% uranium, over 98.5% of which is U-238 (the remainder consists of: trace amounts of U-
232 and U-233; less than 0.02% U-234; 0.5-1.0% U-235; around 0.5% U-236; and around 
0.001% U-237 ςwhich accounts for nearly all of the activity)

Å2.9% stable fission products

Å0.9% plutonium

Å0.3% caesium& strontium (fission products)

Å0.1% iodine and technetium (fission products)

Å0.1% other long-lived fission products

Å0.1% minor actinides (americium, curium, neptunium)
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²ƘŀǘΩǎ ǘƘŜ ǇǊƻōƭŜƳ ǿƛǘƘ ŀŎǘƛƴƛŘŜǎ

Neutron capture produces another actinide. Np-237 fission is in fact the only way to get rid of its long lived activity. 
High energy neutrons  needed to make fission prevail over capture. 

2016-01-18 S. Kilim - NCBJ 6

and actinides accumulation chains

Np-237 fission and neutron captureCS
dependence on energy



Transmutation probabilities (%)

Isotope T1/2

thermal
spectrum

fast spectrum

Np-237 2.144*106y 3 27

Pu-238 87.7y 7 70

Pu-239 24110y 63 85

Pu-240 6563y 1 55

Pu-241 14.35y 75 87

Pu-242 3.733*105y 1 53

Am-241 432.2y 1 21

Am-242m 141y 75 94

Am-243 7370y 1 23

Cm-242 162.8d 1 10

Cm-243 29.1y 78 94

Cm-244 18.1y 4 33
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aŜǘƻŘȅ ǇƻȊōȅǿŀƴƛŀ ǎƛť ƻŘǇŀŘƽǿ ƧŊŘǊƻǿȅŎƘ

ÅtǊȊŜŎƘƻǿȅǿŀŏ- tak,alenie wykorzystujeǎƛťponad95%uranu

ÅtǊȊŜǎǘŀǿƛŏŜƴŜǊƎŜǘȅƪťƧŊŘǊƻǿŊz dotychczasowychǊŜŀƪǘƻǊƽǿtermicznych
na reaktoryǇǊťŘƪƛŜ. GenerationIV InternationalForum(GIF)ǿȅǘȅǇƻǿŀƱƻ
6 ǘȅǇƽǿǊŜŀƪǘƻǊƽǿǎǇŜƱƴƛŀƧŊŎȅŎƘwymagania pod ǿȊƎƭťŘŜƳ
ōŜȊǇƛŜŎȊŜƵǎǘǿŀΣekonomiiiƳƻȍƭƛǿƻǏŎƛwypalaniaŀƪǘȅƴƻǿŎƽǿ.

2016-01-18 S. Kilim - NCBJ 8



Generation IV International Forum(GIF)reactors

neutron 

spectrum

(fast/ thermal)

coolant
temperature

(ϲC)
pressure* fuel fuel cycle

size(s)

(MWe)
uses

Gas-cooled

fast reactors
fast helium 850 high U-238 + closed, on site 1200

electricity

& hydrogen

Lead-cooled

fast reactors
fast lead or Pb-Bi 480-570 low U-238 +

closed, 

regional

20-180**

300-1200

600-1000

electricity

& hydrogen

Molten salt 

fast reactors
fast fluoride salts 700-800 low UF in salt closed 1000

electricity

& hydrogen

Molten salt 

reactor -

Advanced 

High-

temperature 

reactors

thermal fluoride salts 750-1000
UO2 particles 

in prism
open 1000-1500 hydrogen

Sodium-

cooledfast 

reactors

fast sodium 500-550 low U-238 & MOX closed
50-150

600-1500
electricity

Supercritical

water-cooled

reactors

thermal or fast water 510-625 very high UO2

open (thermal)

closed (fast)

300-700

1000-1500
electricity

Very high 

temperature 

gas reactors

thermal helium 900-1000 high

UO2

prismor

pebbles

open 250-300
hydrogen

& electricity

* high = 7-15 MPa
+ = with some U-235 or Pu-239
** 'battery' model with long cassette core life (15-20 yr) or replaceable reactor module.
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9ƪǎǇŜǊȅƳŜƴǘȅ ǿ 5ǳōƴŜƧ ƴŀ ƎƱťōƻƪƻ ǇƻŘƪǊȅǘȅŎȊƴȅƳ ȊŜǎǘŀǿƛŜ 
KWINTA

½Ŝǎǘŀǿ Y²Lb¢! ǎȅƳǳƭǳƧŜ ƪƻƴŦƛƎǳǊŀŎƧť ǊŜŀƪǘƻǊŀ ǇǊťŘƪƛŜƎƻ ǎǘŜǊƻǿŀƴŜƎƻ 
akceleratorem (ADS) ςƳŀǘŜǊƛŀƱ ςuran naturalny

/Ŝƭ ŜƪǎǇŜǊȅƳŜƴǘƽǿ ςƻƪǊŜǏƭƛŏ ŜŦŜƪǘȅǿƴƻǏŏ ǿȅǇŀƭŀƴƛŀ ŀƪǘȅƴƻǿŎƽǿ 
mniejszych  - Am-241 i Np-237

2016-01-18 S. Kilim - NCBJ 10

Prace w ZIBJDubnaǎŊrealizowane w ramachǇǊƻǘƻƪƻƱǳNr. 4382-1-14/ 16 o
ǿǎǇƽƱǇǊŀŎȅ. Badania te ǎŊŎŀƱƪƻǿƛŎƛŜfinansowane z ƎǊŀƴǘƽǿŘǳōƛŜƵǎƪƛŎƘ
przyznawanychrokrocznieod wielu latςkosztyǿȅƧŀȊŘƽǿi pracbadawczych.



aŜǘƻŘŀ ƻƪǊŜǏƭŀƴƛŀ ŜŦŜƪǘȅǿƴƻǏŎƛ ǿȅǇŀƭŀƴƛŀ ŀƪǘȅƴƻǿŎƽǿ

2016-01-18 S. Kilim - NCBJ

ÅbŀǏǿƛŜǘƭƛŏ ǇǊƽōƪť ŀƪǘȅƴƻǿŎŀ

Å½ŀǊŜƧŜǎǘǊƻǿŀŏ ǿƛŘƳƻ ƎŀƳƳŀ ǇǊƽōƪƛ

Å²ȅȊƴŀŎȊȅŏ ǇŀǊŀƳŜǘǊȅ Ǉƛƪƽǿ ƛ ȊƛŘŜƴǘȅƪƻǿŀŏƛŎƘ ȋǊƽŘƱƻ ςƪǘƽǊŜ Ȋ ǇǊƻŘǳƪǘƽǿ 
ǊƻȊǎȊŎȊŜǇƛŜƴƛŀ ŀ ƪǘƽǊŜ Ȋ ǿȅŎƘǿȅǘǳ ƴŜǳǘǊƻƴƽǿ

Å²ȅȊƴŀŎȊȅŏ ƭƛŎȊōť ǊƻȊǎȊŎȊŜǇƛŜƵ ƛ ƭƛŎȊōť ǿȅŎƘǿȅǘƽǿ
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{ŎƘŜƳŀǘ ƻƎƽƭƴȅ ǇǊƻŎŜǎƽǿ ǿ ǇǊƽōŎŜ bǇ-237 w trakcie 
ƴŀǏǿƛŜǘƭŀƴƛŀ
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Basic gamma lines identifiedin Np-237 sample

E-gamma Isotope Source T1/2 Fission yield [%] [4] I-gamma [%] [3]

529.87 133I FP 20.87h 4,45 87
657.94 Zr-97->97Nb* FP 16.744h 5,38 98,23

667.71 Te-132->I-132** FP 3.26d 4,39 98,7

743.36 Zr-97 FP 16.744h 5,35 93,6
772.6 Te-132->I-132** FP 3.26d 4,39 75,6

1131.51 I-135 FP 6.57h 4,16 22,6
1260.41 I-135 FP 6.57h 4,16 28,7

923.98 Np-238 CP 2.117d N/A 2,869
962.77 Np-238 CP 2.117d N/A 0,702
984.45 Np-238 CP 2.117d N/A 27,8
1025.87 Np-238 CP 2.117d N/A 9,65
1028.54 Np-238 CP 2.117d N/A 20,38

FP ςfission product. CP ςneutron capture product.

*Line 657.94 keVstems in fact from Nb-97 beta decay (T1/2 = 72.1 min), but its quantity is modified by Zr-97 decay rate (T1/2 = 
16.744h) [3,4]. Therefore Zr-97 decay constant (16.744h) approximates the line 657.94 activity decreasing.

**Lines 667.71 and 772.6 keVstem from I-132 (T1/2 = 2.295h) but their activities are modified by Te-132 decay rate (T1/2 = 3.26d) 
[3,4].  Therefore Te-132 decay constant (3.26d) approximates the lines activity decreasing.

2016-01-18 S. Kilim - NCBJ 13



Processes in Np-237 sample during irradiation ςdecay chains
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²ȊƻǊȅ ƴŀ ǿȅȊƴŀŎȊŀƴƛŜ ƭƛŎȊōȅ ǊŜŀƪŎƧƛ Ȋ ŘŀƴȅŎƘ ŘƻǏǿƛŀŘŎȊŀƭƴȅŎƘ

( )( ) live

real

t

t

t

irr

gpg

g

gf
t

t

e

e

e

t

Im

A
I

realirr

Ö
-

Ö
-

Ö
Ö

ÖÖÖÖ
=

--

+

1

1

1 11

11

1 l

l

l

l

egf

( ) ( )[ ]

( )

( )irr

irr

realreal

t

t

tttt

irr

live

real

gg

g

gf

ec

ec

eeceec

t

t

t

Im

A
I

1

2

1122

1

1

11

1

1
1

2

2
2

12

2

2

l

l

llll

l

g

l

g

fe

-

-

----

-=

-=

-+-
=

++

A

N
I

fA

gf

s
=2 - fission rate  (number of fissions per gram of sample) based on activity of the 2-nd 

isotope in decay chain 

gA1
, 

gA2
 - gamma peak area 

1g, 2g- Fission product 1 and 2 yield, [%] 

1l, 2l - fission product decay constant, [s-1] 

irrt , +t , realt  - irradiation, cooling and measurement time, [s] 

m - sample mass, [g] 

f - integral number of beam protons 

pge  - detector efficiency. 

gI  - gamma line intensity, [%] 
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²ȅȊƴŀŎȊŀƴƛŜ ŜŦŜƪǘȅǿƴƻǏŎƛ ŘŜǘŜƪǘƻǊŀ ƎŜǊƳŀƴƻǿŜƎƻ
¾ǊƽŘƱŀ ƪŀƭƛōǊŀŎȅƧƴŜΣ ŦƻǊƳǳƱŀ ƛ ƪǊȊȅǿŀ ǿȅŘŀƧƴƻǏŎƛ

2016-01-18 S. Kilim - NCBJ 16

Nuklide Aktivity [kBq] Error[%] T1/2 Eg [keV] Ig

Mn54 116 3 312.3d 834.848 99.976

Co57 123 3 271.79d
122.0614 85.60

136.4743 10.68

Co60 107 3 5.2714y
1173.237 99.9736

1332.501 99.9856

Y88 210 3 106.65d
898.042 93.7

1836.063 99.2

Sn113 225 3 115.09d 391.690 64

Ba133 54.6 3 10.51y

53.161 2.199

80.9971 34.06

223.234 0.450

276.398 7.164

302.853 18.33

356.017 62.05

383.851 8.94

Cs137 114 3 30.07y 661.657 85.1

Ce139 153 3 137.640d 165.864 80

Eu152 54.3 3 13.537y

121.7817 28.58

244.6975 7.583

411.1163 2.234

443.965 2.821

778.9040 12.942

964.079 14.605

1112.074 13.644

1408.006 21.005

Th228 40.5 3

1.931y

84.373 1.22

238.632 43.3

240.986 4.10

277.371 6.1

300.087 3.28

510.77 22.6

583.187 84.5

727.33 6.58

785.37 1.102

860.557 12.42

1620.5 1.49

2614.511 99

Am241 110 3 432.2y 59.5412 35.9
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Np-237 fission rate and capture rate example results
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Np-237 fission and capture dependence on deuteron energy

Beam 
deuteron 
energy 
[GeV] 

Fission rate 
[10-4g-1d-1] 

Standard 
deviation 
[10-4g-1d-1] 

Standard 
deviation  

[%] 

Capture rate 
[10-4g-1d-1] 

Standard 
deviation 
 [10-4g-1d-1] 

Standard 
deviation 

 [%] 

2 0.363 0.12 33.04 0.699 0.0887 12.69 

4 0.509 0.164 32.26 1.33 0.171 12.88 

8 0.76 0.306 40.3 1.43 0.196 13.67 
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Np-237 fission/absorption ratio dependence on deuteron energy

Beam deuteron 

energy [GeV] 

Fission to absorption 

ratio If/(If+Ic) 
Error %Error 

2 0.34 0.05 14.05% 

4 0.28 0.04 12.91% 

8 0.35 0.06 16.58% 
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Eksperyment 2014-11 -wƽȍƴƛŎŜ ƳƛťŘȊȅ !Ƴ-241 i Np -237
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wƽȍƴƛŎŜ ƳƛťŘȊȅ !Ƴ-241 i Np -237 - cd
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Proposed method of actinide sample application as neutron fluency detector

Å Having the average fission and capture cross section values (spectral index) we can 
evaluate the average neutron flux in the location of the actinide sample using the 
measured amount of fissionedand captured actinide isotopes.

Å Two different equations for fissionedand captured actinide isotopes should give the 
same average neutron flux value what is a proof (check, test) for correct measurement. 

Å The number of selected fission products or neutron captured actinide isotopes (Ny) in 
the actinide sample of volume Vp can be expressed:

Å
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tNVN py sf=  

where 

F- average neutron flux in the place of actinide sample location 

[n/cm
2
Ās] 

N ï number of  actinide nuclei in volume unit [cm
-3
] 

s  -average microscopic cross section for the reactions (n, f) or (n, 

ɔ) [barns], 

t  - irradiation time. 
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{ǘƻǎǳƴŜƪ ƭƛŎȊōȅ ǊƻȊǎȊŎȊŜǇƛŜƵ Řƻ ǿȅŎƘǿȅǘƽǿ ŀ ǏǊŜŘƴƛŀ ŜƴŜǊƎƛŀ 
ƴŜǳǘǊƻƴƽǿ

Neutron 
energy
[MeV]

Fission cross 
section

ˋόn,f) [barn]

Capture cross 
section

ˋόƴΣʴύ ώōŀǊƴϐ

ˋόƴΣŦύκ 
ˋόƴΣʴύ

0.3
0.37
0.38
0.39
0.4
0.41
0.42
0.43
0.44
0.45
0.46
0.50

0.073
0.142
0.152
0.169
0.183
0.211
0.239
0.268
0.297
0.325
0.348
0.447

0.681
0.594
0.579
0.564
0.548
0.533
0.519
0.504
0.491
0.478
0.464
0,411

0.107
0.239
0.262
0.299
0.333
0.395
0.461
0.531
0.605
0.679
0.750
1.087
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Compilation of incineration rate and capture rate of Np-237 
results.

Deuteron beam energy Ed = 2 GeV Ed = 4 GeV Ed = 8 GeV

Deuteron fluency 3.02(10)³1013 2.73(10) ³1013 0.91(4) ³1013

Mass of Np.-237 sample [g] 0.987 1.115 1.115

Number of Np-237 fissions per gram 
sample

(1.12°0.393)³109 (1.69°0.698)³109 (1,03°0.543) ³109

Number of neutron captured Np-
237 atoms per gram sample

(2.13°0. 271) ³109 (4.73°0.609) ³109 (1.99°0.272) ³109

Fission rate per gram sample and 
deuteron

(3,72°1,3)³10-5 (6.20°2,56)³10-5 (1,13°0.596) ³10-4

Capture rate per gram sample and 
deuteron.

(7.064°0.897) ³10-5 (1.73°0.223 ³10-4 (2.19°0.299) ³10-4

Fission/Capture rate 0.53°0.195 0.36°0.154 0.52°0.281

Fission rate per gram sample, 
deuteron and its energy

(1,86 °0.650) ³10-5 (1.55 °0.639) ³10-5 1.41 °0.745) ³10-5

Capture rate per gram sample, 
deuteron and its energy

3.53 °0.448) ³10-5
4.33 °0.558) ³10-5 2.73 °0.374) ³10-5
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Compilation of incineration rate and capture rate of Np-237 resultsςcont. 
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Table 6. Compilation of average neutron flux and neutron fluency in the location of the 
actinide neptunium 237 in the QUINTA assembly using for evaluation the measured number of 
fissions and captures in the samples for three experiments

Deuteron beam energy 2 GeV 4 GeV 8 GeV

Average neutron flux using for evaluation the 
number of fissions in the sample [n/cm2ϊǎϐ Ȅмл7

7.29 10.08 5.21

Average neutron flux using for evaluation the 
number of captures in the sample [n/cm2ϊǎϐ Ȅмл7

7.37 10.09 2.58

Neutron fluency using for evaluation the number 
of fissions in the sample [n/cm2] x1012

1.64 3.63 3.13

Neutron fluency using for evaluation the number 
of captures in the sample [n/cm2] x1012

1.66 3.39 1.55

Average neutron energy[MeV] 0.43 0.4 0.43
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Pomiary przy pomocy Y-89
-ƪŀƴŀƱȅ ǊŜŀƪŎƧƛ όn,xnύ ƛ ƻŘǇƻǿƛŀŘŀƧŊŎŜ ƛƳ ƭƛƴƛŜ ƎŀƳƳŀ

- przekroje reakcji (n,xn)
- symulacja przebiegu reakcji Y-89(n,3n)Y-87
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tǊȊȅƪƱŀŘƻǿŜ ǿȅƴƛƪƛ - eksperyment 2014-11
hǎƛƻǿŜ ǊƻȊƪƱŀŘȅ ǎȊȅōƪƻǏŎƛ ǊŜŀƪŎƧƛ ¸-89(n,xn)
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Co zrobiono ostatnio (2015-12)
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¦ŘȊƛŀƱ ǿ ŜƪǎǇŜǊȅƳŜƴŎƛŜ нлмр-12-лп ƴŀ ȊŜǎǘŀǿƛŜ Y²Lb¢!  ǿ ǿƛŊȊŎŜ 
ǇǊƻǘƻƴƽǿ ссл MeVz FAZOTRONU
ÅbŀǏǿƛŜǘƭƻƴƻ ǇǊƽōƪƛ bǇ-237, Am-241, Pu-нофΣ Ǉƻ ƧŜŘƴŜƧ ƪŀȍŘŜƎƻ ǊƻŘȊŀƧǳ
ÅbŀǏǿƛŜǘƭƻƴƻ ǇǊƽōƪƛ ¸-89

Pomiary Am-нпм όǇǊŀǿŘƻǇƻŘƻōƴƛŜύ ƧŜǎȊŎȊŜ ǘǊǿŀƧŊΦ ²ǎǘťǇƴŀ ƻōǊƽōƪŀ 
ǿȅƴƛƪƽǿ ǇƻƳƛŀǊƽǿ ŀƪǘȅƴƻǿŎƽǿ ǿ ǘƻƪǳΦ
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Dynamic modeling of MSR
Molten Salt Reactor seen by model
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Point reactor kinetics equations for MSR
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PRςreactorpower; Tςprimaryloop fuel temperature; T2ςsecondaryloop temperature;

r - corereactivity;rrodςcontrol rod weight;aTςtemperaturereactivitycoefficient;

biςi-th groupof delayedneutronscontribution to neutronbalance;

L -neutrongenerationlife time; Vpςcoolantflow/pumpingrate; VRςreactorvolume;

VO ςouter volume; Ci(t) ςnumber of nuclei of i-th group precursor; O - heat exchanger
circumference; L - heatexchangerlength; Cpςspecificheat; dςfuel saltdensity



MSRbehavior simulationςrod up, pump on, then power load 
modification
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Power load modification byT2

modification.

Note!

ćore i ŕod on left axis while ́Tempand

T́otalon right. Pump speed and rod 
position not in scale.

Simulation run:
- Rodҧ
- Pump on
- LoadҧΣҨΣҨΣҨ
- RodҨ
- Pump off

Conclusion ςReactor power automatically follows power load changes. Fuel 
temperature weakly reacts on power load changes.



MSR reprocessing unit
Extractor scheme

M(b)  nLiF(s) -- nLi(b)(s)MFn +>+
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Extraction/fluid dynamics laws, assumptions and methods

- Conservation of mass (mass continuity)

-/ƻƴǎŜǊǾŀǘƛƻƴ ƻŦ ƳƻƳŜƴǘǳƳ όbŜǿǘƻƴΩǎ ǎŜŎƻƴŘ ƭŀǿ ƻŦ Ƴƻǘƛƻƴ ƻǊ Navier-
Stokes equations)

- Initial conditions

- Boundary conditions
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Apart from that:
- Extractor geometry unchangeable
- Fluid flow profile ςstable, not dependent on substance concentration
- Outer forces (́ C) neglected
- Energy conservation law omitted ςextractor fluid temperatures constant

ÅCentral finite difference approximation applied for space part of equations.
ÅExplicit RK4 method for time part solution then

cςconcentration
ς˂reaction rate
ς˃viscosity coefficient

Dςdiffusion coefficient
Vςfluid flow velocity

The extractor model tested with dummy parameters for while.
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Extractor modeling mesh
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Extraction process substances initial concentration distribution 
(t=0)

2016-01-18 S. Kilim - NCBJ 36



1D view of Li and LiFconcentration dependence on x-position 
and time
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