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AccreditationAccreditation
Management Requirements:Management Requirements:

organization chart of the laboratory,organization chart of the laboratory,
quality assurance system, quality assurance system, 
document control, document control, 
review of requests, review of requests, 
tenders and contracts, tenders and contracts, 
ppurchasing services and supplies, urchasing services and supplies, 
service to the client,service to the client,
corrective action,corrective action,
preventive action,preventive action,
control of records.control of records.
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(Accreditation)(Accreditation)

Technical Requirements:Technical Requirements:
•• personnel training,personnel training,
•• environmental conditions,environmental conditions,
•• method validation,method validation,
•• equipment,equipment,
•• estimation of uncertainty of measurements,estimation of uncertainty of measurements,
•• measurement traceability,measurement traceability,
•• sampling,sampling,
•• assuring the quality of test and calibration results,assuring the quality of test and calibration results,
•• reporting the resultsreporting the results
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What we wanted to doWhat we wanted to do

To fulfill some of  the technical To fulfill some of  the technical 
requirements for accreditation of ETRRrequirements for accreditation of ETRR--2 2 
Instrumental Neutron Activation Analysis Instrumental Neutron Activation Analysis 
(INAA) laboratory (INAA) laboratory 

Estimate the budget uncertainty Estimate the budget uncertainty 
Traceability measurements (Minimum Detectable Traceability measurements (Minimum Detectable 
Concentration)Concentration)
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2.43Maximum power peaking factor

140 W/cm3Average power density

2.3x1014 n/cm2.secCore maximum thermal flux 

19 full power daysAverage core cycle length

29 fuel assembly each contain 19 platesFuel loading  (MTR-plate fuel type)

ETRRETRR--22

Main Main NeutronicNeutronic Parameters of the ETRRParameters of the ETRR--2 Core2 Core
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ETRRETRR--2 Utilization2 Utilization

Neutron RadiographyNeutron Radiography
Activation AnalysisActivation Analysis
Isotopes ProductionIsotopes Production
Cold Neutrons ProductionCold Neutrons Production
BNCTBNCT
Silicon Doping  Silicon Doping  
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What have been doneWhat have been done
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ApparatusApparatus
High pure germanium detector (HPGD):High pure germanium detector (HPGD):

Relative efficiency of the detector is 100% Relative efficiency of the detector is 100% 
Energy resolution(FWHM) at  CoEnergy resolution(FWHM) at  Co--60 60 
line 1.33  line 1.33  MeVMeV is  2.1is  2.1
Cooling with liquid nitrogen atCooling with liquid nitrogen at
temperature (temperature (--186C ).186C ).

ETRRETRR--2 as a neutron sources:2 as a neutron sources:

11-- rabbit system ( short irradiation).rabbit system ( short irradiation).
22-- irradiation grid position (long irradiation).irradiation grid position (long irradiation).
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TechniquesTechniques
Relative methodRelative method

Sample and element standards are irradiated Sample and element standards are irradiated 
simultaneously simultaneously 

Absolute methodAbsolute method
In this case the thermal and epithermal neutron flux In this case the thermal and epithermal neutron flux 
must be carefully measured, and their detector must be carefully measured, and their detector 
efficiency must be very well known efficiency must be very well known 

K0 methodK0 method
The rate of production of radioactive atoms from The rate of production of radioactive atoms from 
stable atoms of interest is related to the activation rate stable atoms of interest is related to the activation rate 
of gold through the soof gold through the so--called k0called k0--constant constant 
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MaterialsMaterials

AA-- Reference materials:Reference materials:
rockrock--type P1,type P1,
CRM, CRM, 

Both from the proficiency test study under the AFRA IVBoth from the proficiency test study under the AFRA IV--7 project7 project

BB-- Flux monitors:Flux monitors:
--Gold ( pure and diluted with aluminum (gold 0.1% and theGold ( pure and diluted with aluminum (gold 0.1% and the

aluminum 99.9%)aluminum 99.9%) ))
--Zirconium (99.99%).Zirconium (99.99%).
--Nickel (99.99).Nickel (99.99).
--Cadmium ( cover sheet and tube 99.99%).Cadmium ( cover sheet and tube 99.99%).
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BlanksBlanks

Were used to:Were used to:
1. Eliminates the Effect of instrumental background,1. Eliminates the Effect of instrumental background,
2. Determines the spectrum baseline, which is the sum 2. Determines the spectrum baseline, which is the sum 
of the instrumental background and any signal due to of the instrumental background and any signal due to 
interfering species, interfering species, 
3. Eliminates the Effect of contamination or the impurities 3. Eliminates the Effect of contamination or the impurities 
in the vialsin the vials
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MethodMethod

Short irradiation( Rabbit system)Short irradiation( Rabbit system)

Sample Irradiated for 60 second with aid of Sample Irradiated for 60 second with aid of 
pneumatic facility.pneumatic facility.

Blank polyethylene vial used to control the effect Blank polyethylene vial used to control the effect 
of the background.of the background.
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Long irradiationLong irradiation
All samples divided into 4 aluminum cansAll samples divided into 4 aluminum cans

The cans placed in a sample holder and lowered into the 
irradiation position.
The samples were irradiated for 4 hour and 35 minutes.
The sample were kept in hot cell to reach safe handling level.
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Irradiation gridIrradiation grid
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What have we gotWhat have we got
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Samples irradiated in thermal Samples irradiated in thermal 
columncolumn

6.316.311800180010.15510.1556060Gold #9Gold #9
1.121.12180018005.2665.2666060Sample#9RSample#9R

0.410.41180018003.2693.2694040SAMPLE #1SAMPLE #1

1.91.91800180020.35620.3564040Gold #1Gold #1
0.70.7180018003.6883.6886060SAMPLE #2SAMPLE #2

8.68.61800180020.7720.776060Gold #2Gold #2

2.2.180018009.659.656060Gold #8Gold #8
1.181.18180018004.5784.5786060SAMPLE #8RSAMPLE #8R
3.663.66180018009.219.216060Gold #7Gold #7
0.220.22180018003.993.996060SAMPLE #7RSAMPLE #7R
3.493.491800180021216060Gold #3Gold #3
0.760.76180018004.2134.2136060SAMPLE #3SAMPLE #3

Dead time Dead time 
%%

Counting Counting 
time, sectime, sec

Cooling Cooling 
time, hrtime, hr

Irradiation Irradiation 
time, sectime, sec
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Net peak area Net peak area 

990990±±10010018.818.81524.51524.5
88KK--4242PotassiumPotassium

176296176296±±4374371001001368.61368.6NaNa--2424Sodium Sodium 

8953789537±±33233299.8799.87846.76846.76MnMn--5656Manganese Manganese 
Sample Sample 

#7 R#7 R

680680±±606018.818.81524.51524.5
88KK--4242PotassiumPotassium

5275552755±±2422421001001368.61368.6NaNa--2424Sodium Sodium 
4102841028±±22022099.8799.87846.76846.76MnMn--5656Manganese Manganese 

Sample Sample 
#1#1

12776191277619±±1150115095.595.5411.4411.4AuAu--198198pure GOLDpure GOLDGold#1Gold#1

Net peak area Net peak area Branching Branching 
ratioratio

Peak Peak 
energyenergyIsotopeIsotopeElementElement
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10711071±±898918.818.81524.581524.58KK--4242PotassiumPotassium
171407171407±±4324321001001368.61368.6NaNa--2424Sodium Sodium 

11521152±±828218.818.81524.581524.58KK--4242PotassiumPotassium
104071104071±±3373371001001368.61368.6NaNa--2424Sodium Sodium 
7016670166±±28728799.8799.87846.76846.76MnMn--5656Manganese Manganese Sample Sample 

#3#3

Gold#2Gold#2

8433684336±±29629695.595.5411.4411.4AuAu--198198GOLD +GOLD +CdCdGold Gold CdCd

9449994499±±28928999.8799.87846.76846.76MnMn--5656Manganese Manganese Sample Sample 
#9R#9R

23515422351542±±1561156195.595.5411.4411.4AuAu--198198pure GOLDpure GOLD

966966±±989818.818.81524.581524.58KK--4242PotassiumPotassium
176098176098±±4324321001001368.61368.6NaNa--2424Sodium Sodium 

55176105517610±±2404240495.595.5411.4411.4AuAu--198198pure GOLDpure GOLDGold #2Gold #2

12451245±±767618.818.81524.581524.58KK--4242PotassiumPotassium
9333293332±±3203201001001368.61368.6NaNa--2424Sodium Sodium 
6658966589±±280 280 99.8799.87846.76846.76MnMn--5656Manganese Manganese 

Sample Sample 
#2#2

7794177941±±31231299.8799.87846.76846.76MnMn--5656Manganese Manganese Sample Sample 
#8 R#8 R

Net peak area Net peak area Branching ratioBranching ratioPeak energyPeak energyIsotopeIsotopeElementElement
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Samples irradiated in irradiation gridSamples irradiated in irradiation grid

------------1.771.77180018007.587.584.354.351919
------------5.935.931800180014.614.64.354.351616
------------12.5512.551800180013.513.54.354.352525
------------1.461.46180018007.67.64.354.351818
------------5.275.271800 1800 13.613.64.354.351515
------------7.947.941800180013.613.64.354.352424

3.973.972800280021.621.66.346.341800180013.513.58.28.2180018006.546.544.354.351212

1.871.872700270033.633.62.342.342400240021.621.68.988.98180018009.539.534.354.351111

TdeadTdead
%%

TcTc
SecSec

TdTd
dayday

TdeadTdead
%%

TcTc
SecSec

TdTd
DayDay

TdeadTdead
%%

TcTc
SecSec

TdTd
DayDay

2.92.92700270033.633.63.443.442400240021.621.65.655.651800180010.510.54.354.3555

5.525.522800280021.621.66.486.481800180013.513.58.858.85180018006.536.534.354.3566

33rdrd countingcounting22ndnd countingcountingIstIst countingcounting
TirrTirrvailvail
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Net peak areaNet peak area

25928532592853±±1646164695.595.5411.4411.4AuAu--198198Au+AlAu+Al2424

10135721013572±±1025102599.4599.45810810CoCo--5858NickelNickel1515

335170335170±±59059054.554.5756.73756.73ZrZr--9595
ZirconiumZirconium1818

1211812118±±15215297.997.9743.33743.33ZrZr--9797

96469646±±3393398.788.781076.61076.6RbRbrubidiumrubidium

49234923±±2472478.788.781076.61076.6RbRbrubidiumrubidium

3540435404±±50750710.0810.08320.08320.08CrCrChromiumChromium

411426411426±±71671656.556.51099.251099.25FeFeIronIron

222777222777±±52252256.556.51099.251099.25FeFeIronIron
1023310233±±36936997.5697.56604.7604.7CsCscesiumcesium

2048620486±±50150197.5697.56604.7604.7CsCscesiumcesium

7576675766±±30930999.999.91332.51332.5CoCoCobaltCobalt

1985519855±±62162167.967.9159.38159.38CaCaCalciumCalcium

Sample Sample 
#11 R#11 R

1897118971±±37337310.0810.08320.08320.08CrCrChromiumChromium

4128141281±±22222299.999.91332.51332.5CoCoCobaltCobalt

1045710457±±45145167.967.9159.38159.38CaCaCalciumCalcium

Sample #5Sample #5

Net peak area Net peak area Branching Branching 
ratio %ratio %

Peak energyPeak energy
KeVKeVIsotopeIsotopeElementElement
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The relative standardizationThe relative standardization
The test and reference samples were irradiated simultaneously orThe test and reference samples were irradiated simultaneously or
sequentially in short half life under the same conditions.sequentially in short half life under the same conditions.
The concentration of the elements of interest calculated by The concentration of the elements of interest calculated by 
caparison of the activity between the sample and reference standcaparison of the activity between the sample and reference standard ard 
..
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Average concentrationsAverage concentrations::

39.017 mg/kg39.017 mg/kgRbRb--8686
1.85m g/kg1.85m g/kgCsCs--134134

35.011 g/kg35.011 g/kgFeFe--5959
32.43 mg/kg32.43 mg/kgCrCr--5151
15.69 mg/kg15.69 mg/kgCoCo--6060

13.485 g/kg13.485 g/kgKK--4242
27.472 g/kg27.472 g/kgNaNa--2424

612.56 mg/kg612.56 mg/kgMnMn--5454

42.467 g/kg42.467 g/kgScSc--4747

Concentration Concentration ElementElement
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Uncertainty in relative standardizationUncertainty in relative standardization
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Uncertainty sourcesUncertainty sources

2.52.50.50.51.6231.6231.4121.4120.150.150.150.15CsCs--134134
4.24.20.40.41.8781.8782.012.010.150.150.150.15RbRb--8686
2.762.760.770.770.1210.1210.1010.1010.150.150.150.15FeFe--5959

3.53.50.750.750.820.820.2360.2360.150.150.150.15CoCo--6060
3.23.27.37.3

NONNON

1.6151.6151.8061.8060.150.150.150.15ScSc--4747
--2.12.10.80.86.7916.7913.113.110.150.150.150.15KK--4242

--2.332.330.80.80.1430.1430.1980.1980.150.150.150.15NaNa--2424
--3.953.950.80.80.2320.2320.2430.2430.150.150.150.15MnMn--5454

996.26.22.1372.1370.8270.8270.150.150.150.15CrCr--5151

UUpulsepulse

pile uppile up

UUgeometrygeometry

differencedifference
UUflxflx

UUnetnet areaarea

StdStd

UUnetnet areaarea

SS

UUmassmass

StdStd

UUmassmass

SS
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Expanded uncertaintyExpanded uncertainty

1.851.85±±0.1230.1236.686.68CsCs--134134

35.01135.011±±1.961.965.65.6FeFe--5959
39.01739.017±±3.943.9410.110.1RbRb--8686

32.43832.438±±7.247.2422.3222.32CrCr--5151

42.46742.467±±7.107.1016.6616.66ScSc--4747
13.48513.485±±2.12.115.615.6KK--4242

27.47227.472±±1.361.364.964.96NaNa--2424
612.568 612.568 ±±49.6149.618.18.1MnMn--5454

15.69315.693±±1.151.157.367.36CoCo--6060

Concentration Concentration Expanded uncertainty Expanded uncertainty ElementElement
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Minimum detectable Minimum detectable 
concentrationconcentration

0.47340.4734KK--4242
0.2290.229RbRb--8686
0.2640.264NaNa--2424

0.002260.00226MnMn--5454
0.2640.264FeFe--5959

0.000360.00036CsCs--134134
0.00114330.0011433CrCr--5151

0.20170.2017ScSc--4747

0.0008380.000838CoCo--6060

MDCMDCElementElement
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The absolute standardizationThe absolute standardization
Sample and flux monitors are irradiated simultaneously.Sample and flux monitors are irradiated simultaneously.
The neutron flux measured from the activity of the flux monitorsThe neutron flux measured from the activity of the flux monitors..
The concentration computed from the activation equation:The concentration computed from the activation equation:

)1()1)(( * TmTT
etiiv

p

eeeINm
MN

C
dirr λλλφφσεβθ

λ
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Neutron flux at thermal columnNeutron flux at thermal column

2.6 E+82.6 E+8EpithermalEpithermal

2.82 E+112.82 E+112.89 E+112.89 E+112.90E+112.90E+11Thermal Thermal 

Sample #3Sample #3Sample #2Sample #2Sample #1 Sample #1 FluxFlux
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Neutron flux in irradiation gridNeutron flux in irradiation grid

3.81E+123.81E+123.62E+123.62E+12Fast Fast 

9.23E139.23E139.29 E+139.29 E+13Thermal Thermal 

2.49E+122.49E+122.41E+122.41E+12EpithermalEpithermal

Sample #25Sample #25Sample #24Sample #24FluxFlux
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Average concentrationsAverage concentrations

39.949 39.949 mg/kgmg/kgRbRb--8686
2.462 2.462 mg/kgmg/kgCsCs--134134
38.202038.2020 g/kgg/kgFeFe--5959

37.426 37.426 m g/kgm g/kgCrCr--5151

18.780  18.780  gg/kg/kgKK--4242
26.5180  26.5180  g/kgg/kgNaNa--2424

541541 mg/kgmg/kgMnMn--5454

13.149 13.149 mg/kgmg/kgCoCo--6060

Concentration Concentration ElementElement
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Uncertainty in absolute standardizationUncertainty in absolute standardization



International  Conference on Research Reactors: Safe Management International  Conference on Research Reactors: Safe Management and Effective Utilizationand Effective Utilization
Nov  5Nov  5--9,  20079,  2007

Uncertainty sourcesUncertainty sources

2.42.41.121.125.035.035.035.030.0370.0370.010.010.150.150.150.15RbRb--8686
2.42.411.0511.050.320.320.13530.13530.0370.0370.010.010.150.150.150.15FeFe--5959
2.42.40.980.983.173.172.08192.08190.0370.0370.010.010.150.150.150.15CsCs--134134
2.42.410.7510.757.837.831.13521.13520.0370.0370.010.010.150.150.150.15CrCr--5151

2.42.4--10.110.10.31050.31050.02510.02510.010.010.150.150.150.15KK--4242
2.42.4--2.4752.4753.13.10.02510.02510.010.010.150.150.150.15NaNa--2424

2.42.4--2.12.10.19790.19790.02510.02510.010.010.150.150.150.15MnMn--5454

2.42.45.75.70.320.320.31050.31050.0370.0370.010.010.150.150.150.15CoCo--6060

U U 
efficieffici

--
encyency

U U 
pulse pulse 
pile up pile up 

UU
geometry geometry 

diff.diff.

U SU S
Net area Net area 
0.24270.2427

UflxUflx
Net areaNet area

UflxUflx
Conc.Conc.

U SU S
MM

UflxUflx
MM



International  Conference on Research Reactors: Safe Management International  Conference on Research Reactors: Safe Management and Effective Utilizationand Effective Utilization
Nov  5Nov  5--9,  20079,  2007

Expanded UncertaintyExpanded Uncertainty

39.949 39.949 ±± 5.100 mg/kg5.100 mg/kg12.7612.76RbRb--8686

38.2020 38.2020 ±± 8.650 g/kg8.650 g/kg22.6422.64FeFe--5959
2.462 2.462 ±± 0.220 mg/kg0.220 mg/kg99CsCs--134134

37.426 37.426 ±± 10.15 m g/kg10.15 m g/kg27.1227.12CrCr--5151

18.780  18.780  ±± 4.060 g4.060 g/kg/kg21.6621.66KK--4242
26.5180  26.5180  ±± 1.830 1.830 g/kgg/kg6.926.92NaNa--2424

541.247 541.247 ±± 34.6 34.6 mg/kgmg/kg6.46.4MnMn--5454

13.149 13.149 ±± 1.630 mg/kg1.630 mg/kg12.412.4CoCo--6060

Concentration Concentration Expanded Expanded 
uncertainty uncertainty ElementElement
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Minimum detectable Minimum detectable 
concentrationconcentration

8.6418.641KK--4242
2.242.24RbRb--8686
0.5930.593NaNa--2424

0.00150.0015MnMn--5454
0.1160.116FeFe--5959

0.0006670.000667CsCs--134134
0.0014860.001486CrCr--5151
0.0001180.000118CoCo--6060

MDCMDCElementElement
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The kThe k00--IAEA standardization softwareIAEA standardization software ..

Single comparator standardization.Single comparator standardization.
The rate of production of radioactive atoms from stable atoms ofThe rate of production of radioactive atoms from stable atoms of
interest is related to the activation rate of gold through the sinterest is related to the activation rate of gold through the soo--called called 
k0k0--constant.constant.

relative production rate depends on the specific irradiation facrelative production rate depends on the specific irradiation facilities ilities 
and gammaand gamma--ray detectors used ray detectors used 
Detector calibration.Detector calibration.
Facility characterization.Facility characterization.
Sample analysis Sample analysis 
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Average concentrationAverage concentration

0.3150.31513.2813.28±±5.4 g/kg5.4 g/kgKK
0.61260.612640.8140.81±±1.38 mg/kg1.38 mg/kgRbRb
0.01090.010930.2430.24±±1.54 g/kg1.54 g/kgNaNa
0.00410.0041600.1600.1±±20.40 mg/kg20.40 mg/kgMnMn
0.7820.78234.9134.91±±1.43 g/kg1.43 g/kgFeFe

0.01960.019631.8131.81±±4.14 mg/kg4.14 mg/kgCrCr
0.0007620.00076211.6511.65±±1.4 mg/kg1.4 mg/kgCoCo

0.0007910.000791

0.480.48

MDC, MDC, ppmppm

32.2732.27±±3.22 g/kg3.22 g/kgCaCa

1.7551.755±±0.31 mg/kg0.31 mg/kgCsCs

ConcentrationConcentrationElementElement
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ConclusionsConclusions
The uncertainty budget in the relative standardization ranges The uncertainty budget in the relative standardization ranges 
from 2% to 11%.from 2% to 11%.

The uncertainty budget in k0The uncertainty budget in k0--method ranges from 3% to 15%. method ranges from 3% to 15%. 

uncertainty budget in the absolute method ranges from 6% to uncertainty budget in the absolute method ranges from 6% to 
21%.21%.

The MDC in relative standardization is the lowest and then the The MDC in relative standardization is the lowest and then the 
k0k0--IAEA standardization and the absolute standardization is the IAEA standardization and the absolute standardization is the 
largest MDC largest MDC 
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