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Abstract— CABRI is an experimental pulse reactor operated ~ Cobalt and gold disk and wire dosimeters have hesd
by CEA at the Cadarache research center and fundety the for:
French Nuclear Safety and Radioprotection Institute(IRSN). - determining precisely the radial and axial flux files
For the purpose of the CABRI International Program (CIP), inside the CABRI driver core and inside the centsdl
operated and managed by IRSN under an OECD/NEA in which test fuel pin can be inserted,

framework it has been refurbished since 2003 to beble to lidati th troni lculati f dt
provide experiments in prototypical PWR conditions (155 bar, - validatng the neutronics Caiculations periormed 1o

300 °C) in order to study the fuel behavior under Ractivity support the safety studies, to design the CIP

Initiated Accident (RIA) conditions. experiments and to calculate the coupling factor
This paper first reminds the design and the goals fothe between the driver core and the test fuel pin,

dosimetry program that was built in support of the - contributing to the measurement of CABRI kinetics

commissioning tests performed for the reactor resta and parameters (prompt neutrons generation time and

requalification.
Then it focuses on the irradiation conditions for ach
dosimeter and presents the measurement results. . .
Finally, an analysis of the dosimetry campaign inciding Each one of the above experimental goals will leedleed, as

measurement-calculation comparisons is presented. well as the target uncertainties.

effective fraction of delayed neutrons).

|I. INTRODUCTION Il. CABRI REACTOR AND COMMISSIONING TESTS

CABRI is an experimental pulse reactor operatedCEA A. Description of the CABRI reactor
and funded by the French Nuclear Safety and Ragiegtion CABRI is a pool-type reactor, with a core made 481
Institute (IRSN), at the Cadarache research ceBtece 1978 U0, fuel rods with a 6 983U enrichment with stainless steel
the experimental programs have aimed at studyiegftiel (|a4s The reactor is able to reach a 25 MW stsgatg power
behavior under Reactivity Initiated Accident (RIégnditions.  |eye| The reactivity is controlled via a systembatontrol and
Slnc_e 2003, it has been refurbished in order toable\_ to safety rods made of 23 hafnium pins for each (3gelf. The
provide RIA and LOCA (Loss Of Coolant Accident)qqre is cooled by a forced water flow of 321&m when the
experiments in prototypical PWR conditions (155,800 ., power is upper than 100 kW and by natural eotion
°C). This project is part of a broader scope inclgdan ,ih the pool water otherwise [1].
overall facility refurbishment and a safety revielhe global Y
modification has been conducted by the CEA prdjemm and Outer graphite
funded by IRSN, which is operating and managing ¢ie
experimental program (CABRI International Program)the | Fuel assembly
framework of the OECD/NEA agreement.

During the reactor restart, commissioning testsehtavbe
realized for all equipment, systems and circuitshef reactor.
In particular neutronics commissioning tests haveerb

performed in 2015 and 2016. .
This paper focuses on the analysis of the resdltthe .
Hodoscope chann

complete and original dosimetry program that wast bo
®He transient rod

Hf Control rod

support of the CABRI core characterization.

Fig. 1. Core of CABRI



The key feature of CABRI reactor is its reactiviyection These tests are designed to demonstrate the abilitlye
system [2]. This device allows the very fast degpueization core of CABRI to provide appropriate testing coimdis and
of the ®He (strong neutron absorber) previously introducesafety margins while controlling the associatedantainties in
inside 96 tubes (so called “transient rods”) lodaéenong the the best possible way. Another goal is to validdte
CABRI fuel rods. The rapid absorber depressuripatiopreliminary neutronics calculations performed fbe tdesign
translates into an equivalent reactivity injectigossibly of the safety and the performances of the coreABRI.
reaching 3.9 $ within a few 10 ms. The power consatly
bursts from 100 kW up to ~20 GW (see Fig. 2) irea fms Il.
and decreases just as fast due mainly to the Dogfiect.
The total energy deposit in the tested rod is aegudy
dropping the control and safety rods after the pavemsient.

DESIGN OF THE DOSIMETRY PROGRAM

In addition to the instrumentation and experimental
techniques generally used for standard commisgiptasts, a
complete and complementary dosimetry experimemtgram
has been designed in support of the charactenzat the
power calibration [4] of the core of CABRI.
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H 77777777 1, Two types and two natures of dosimeters have bsed u
: | : | for the CABRI commissioning tests. Depending onirthe
' location in the core the shape of dosimeters (diskire) was
chosen (see Fig. 3). The use of cobalt and goldasrs
enables to provide information on both thermal epithermal
neutron energy spectra depending on the) (cross sections
of *°Co and'*Au.

15000

He3 Pressure (bar)

Core fission Power (MW)

5000 f--------- e 77777777 F ,,,,,,,, 3
|

028

Fig. 2. Typical CABRFHe Pressure and core power shapes during
a RIA transient
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The other specificity of the CABRI core is the Hedope, a
unigue online fuel motion monitoring system. A cheh
crosses vertically the core in order to lead thet faeutrons
emerging from the test rod to a bank of 306 sensbtssS
fission chambers and proton recoil counters locdtgdair
behind a collimator composed of 153 measurememr#ia  Disk dosimeters are supported by two aluminum plate
(3 columns of 51 rows). The Hodoscope device, aBNR hich are themselves located along the irradiatisannel of
experimental equipment, is specifically designedrémk the e Hodoscope device, and hence positioned betvigsn
axial test fuel displacement during power transient assemblies near the core center (see Fig. 4).

Fig. 3. Example of cobalt wire dosimeter (underrtuaulb) and
of cobalt and gold disk dosimeters

B. Focus on the neutronics commissioning tests

The neutronics commission tests aimed at precisely RN
characterizing the neutronics parameters of the RIA&re
[3] (see Table 1): reactivity effects, power dibtriions and
kinetic parameters. They were carried out at lovwwgro
(< 100 kw).

TABLE |. NEUTRONICS PARAMETERSMEASUREMENT TECHNIQUES AND
TARGET UNCERTAINTIES FOR NEUTRONICS COMMISSIONINGESTS

Target

Neutronics parameters

Measurement technique

uncertainty (1o)

Critical height
Integral reactivity worth of control and safety rods
Differential reactivity worth of control and safety rods
Core power distribution

Critical state
MSA/MSM & « rod drop »
Doubling time
Dosimetry

= 1mm

Isothermal temperature coefficient

Critical state

H
< !
B &
S

Reactivity effects inside the water loop
Axial flux profile

Critical state
Dosimetry

Core stacking reactivity worth

Critical state

Effective fraction of delayed neutrons
Effective prompt neutron lifetime
Axial dismibution and integral of fission rate in the core

Rossi and Feynman-o. methods
Dosimetry

Reactivity worth of the *He transient rods
Integral reactivity worth of control and safety rods
Differential reactivity worth of control and safety rods

Critical state
MSA/MSM & « rod drop »

Doubling time

[ T T T TR
P [ v I T

Fig. 4. Position of wire and disk dosimeters insttle core of
CABRI (transient rods in red, control rods in greéammy assembly

in orange)



Wire dosimeters (thin wires in sealed quartz bulbs}
included inside tubes which are positioned at ations: in
the center of the test cell, inside a dummy assgnalbid
outside of the core against the graphite refle(dee Fig. 4).

In the end a total set of 120 dosimeters was dedigmd
manufactured for CABRI neutronics commissioningtdes
After the tests, the dosimeters were recoveredsaiuped to
the MADERE platform of CEA Cadarache [5] for perfang
spectrometry measurements on measurement benc
equipped with High Purity Germanium (HPGe) detextor

Calculations of neutron capture rates’@o and™*’Au at
the different positions of dosimeters were perfatnusing a
3D and real geometry model of CABRI with the TRIRAL
French Monte Carlo code [6] and the JEFF3.1.1 mndiata
library. Note that the calculations are then noireal in such
a way that the power deduced from all the calcdlaitivities
on the dosimeters is equal to the experimental pal@duced
from measured activities. This makes it possibleltain an
indication on the dispersion of the C/E deviations.

These calculations were preliminary used to defime
mass of each dosimeter, with
irradiation level and duration.

The following chapters will detail the irradiation
conditions performed with the different dosimetarsd will
present the results of the dosimetry campaign.

IV. HODOSCOPE DOSIMETRY

A. Objectives and design of Hodoscope dosimeters
The main objectives of this irradiation were:

comparisons with calculations,

encapsulated dosimeters on Fig. 5),
to provide information on both
epithermal neutron energy spectra,

thermal and

CABRI core.

Disk dosimeters used are described in Table |l Balole
lll. A total of 60 dosimeters corresponding to Slied and 16
axial locations have been irradiated in the cor€ABRI at a
power of ~2.5 kW during one hour.
The position of the dosimeters on the aluminum gslais
shown in Fig. 5. The position of the plates in ttwe of
CABRI is defined in Fig. 4.

TABLE Il. DOSIMETERS OF THESOUTH WEST PLATE

Nature | Number Type Thickness
15 Disk @ 4 mm 0.125 mm
Co
3 Disk @ 10 mm 0.125 mm
Au 6 Disk @ 4 mm 0.05 mm

respect to the forese

TABLE Ill. DOSIMETERS OF THENORTHEAST PLATE

Nature | Number Type Thickness
Co 4 Disk @ 4 mm 0.125 mm
25 Disk @ 4 mm 0.05 mm
Au
7 Disk @ 10 mm 0.10 mm
hes

South West Plate North East Plate

Test Cell

Fig. 5. Position of disk dosimeters on aluminuntgda

B. Main results of Hodoscope dosimetry campaign

results obtained during the Hodoscope dosimetrypeéam.

to check out of North East/South West symmetry (red Axial distributions measured and associated calicuia

are compared on Fig. 6 and Fig. 7. A good agreemkttie
results is obtained.
10 mm diameter disk are indicated in green in tgerés.

to contribute to the calibration of the power ofThe results of those dosimeters are substantiagt than the

4 mm diameter dosimeters ones, due to differencesiutron
self-shielding effects (variation in diameter amickness of
dosimeters).
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Fig. 7. Co dosimeters of the South West plate -alariass activity
distributions — measurements and calculations

Measured radial distributions are shown on Figoi8Au
dosimeters and Fig. 9 for Co dosimeters. As theadie from
the test cell (center of the core of CABRI) inciessthe
dosimeter activity decreases slightly.
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TABLE IV. HODOSCOPE SYMMETRIC DOSIMETERS

. M_as.s Measure:mt_ant ANE/SW
Dosimeter Activity uncertainties (%)
(Ba/me) k=2 (%) )

NE | NE-Au-34 | 1.697E+04 2.7%

1 1.6%
SW | SW-Au-03 | 1.670E+04 2.6%
NE | NE-Co-05 | 2.198E+01 2.8%

2 2.8%
SW | SW-Co-13 | 2.136E+01 2.9%
NE | NE-Au-33 | 1.638E+04 2.7%

3 1.8%
SW | SW-Au-06 | 1.668E+04 2.6%
NE | NE-Co-06 | 1.791E+01 2.8%

4 0.5%
SW | SW-Co-15 | 1.782E+01 2.8%

V. CENTER OF THE TEST CELL

A. Objectives and design of test cell dosimeters

Two irradiation campaigns have been performed: witte
the test cell in air and one with the test celkéll with water.
The dosimeters were centered in the test celleattiver core
elevation.

The main objectives were:

* to obtain a relative reaction rate axial distribatin
the center of the test cell,

» to validate neutronics calculations used to preftiet
coupling factor between the test fuel and the drive
core of CABRI,

* to compare the mass activity axial distributionghef
dosimeters to the axial profile measured with the
Hodoscope device.

Wire dosimeters used are described in Table IV thed
positions inside the aluminum tube are illustrateBig. 10.

Each tube is made of 5 gold wires and 5 cobalt svire
equally alternated and positioned symmetricallyregard to
the mid plane of the core.

A total of 20 dosimeters have been irradiated endbre of
CABRI during one hour at a power of ~2.5 kW for idosters
placed in the case of the cell filled with air atidring one
hour at a power of ~25 kW in the case of the dBdd with
water.

51 8 7 8 9
Ent  Co lnt Au

I 1 2 3 4

Ent Co Ent Au

10

Ent  Co Ent Au Ent

Bottom

Ent  Co Ent Au Ent  Co Ent Au

=10 40 =10 85 =10 40 =10 85 =10 40 =10 8 =10 40 =10

Length (mm) 337

=10 0 =10 85

'
Core Mid Plane (= 6880 mm)

Fig. 10. Position of wire dosimeters inside thex@hum tube

North East/South West symmetry is checked. Activity

differences between symmetric dosimeters are Iéss t
measurement uncertainties (see Table V).



B. Mainresults of test cell dosimeters

The axial profiles for Au and Co dosimeters arevahon
Fig. 11 for the test cell filled with air and Fig@.Zor the test
cell filled with water.

The axial profiles obtained by dosimeter
measurements in the center of the test cell argpaced with
the axial power distribution measured with the Humtipe
system. Note that the hodoscope device has beéynddsto
measure fast neutrons (greater than ~600 keV) aprinom
the core and the test rod, and it is very prec&atigtical
uncertainty less than 1%) at high power levels. (@ering
power transients, reaching more than 20 GW).

In Fig. 11 and Fig. 12 it is possible to see a gaeaording
between dosimetry and hodoscope measurements nigzats
a constant ratio between thermal flux and fastnoautiux in
steady state conditions. Hodoscope results preségit
uncertainties because of low power plateau.

Table V gives dosimetry measurement — TRIPOLI-4

calculation relative errors and uncertainties. &Rial profiles
measured and calculated are presented on Fig.dLBignl14.
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Fig. 11. Au and Co axial profiles measurementstést cell in air
dosimeters and Hodoscope axial profile

Normalized Axial Profiles Dosimetry and Hodoscope
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Fig. 12. Au and Co axial profiles measurementgdst cell in water
dosimeters and Hodoscope axial profile
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TABLE V. RELATIVE ERRORS AND ASSOCIATED UNCERTAINTIES FORU
(ORANGE) AND CO (GREY) DOSIMETERS— TEST CELLWATER AND AIR

activity

Test Cell - Water Test Cell - Air
| Axigl (C/E-1) Associ_atgd (C/E-1) Associ_atgd
ocation (%) uncertainties (%) uncertainties
(mm) (k=2) (%) (k=2) (%)
-315 -4,5 2,8 -4 2,9
-265 -5,5 3,4 1,7 4,6
-170 -3,7 2,8 -4.,7 2,9
-120 -3,4 3,5 2,6 3,7
-25 0,7 2,8 -1,5 2,9
25 -2,1 3,4 0,3 3,7
120 4,2 2,8 -0,3 2,9
170 4,6 3,6 3,4 3,9
265 6,6 2,9 0,2 3
315 5,9 4 9,6 5

Most of the time,

the

relative deviations between

measurements and calculations are consistent widh t

associated

uncertainty

that

is

the

composed of the

experimental uncertainty and of the statisticalestainties of
the TRIPOLI-4 calculations. The highest deviatioase

observed for extreme positions of the dosimeteddmwli.e. for
the lowest mass activities. A general trend is m@hsl
overestimation of all reaction rates calculatethiupper part
of the core (above mid plane) and a slight undinasion in

the lower part.
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VI.

A. Objectives and design of the dosimeters located at the 4
corners of the dummy assembly

The main objectives of this irradiation were:

to obtain 4 relative reaction rate axial distribas at
the 4 corners of the dummy assembly, rather close
the control rods that will be at their critical jtams,

DUMMY ASSEMBLY CORNERS

to determine F (total number of fissions in theecor
per unit of time) using the measured activities o

VII.

This paper presents the results of the dosimetmypaign
performed during the commissioning tests of the ®AB
reactor.

A total of 120 dosimeters have been irradiated measured
y gamma spectrometry at the MADERE platform of CEA
adarache. Measurement to calculation comparisaes a

presented and show a very good consistency. Thiddes a

itrengthened validation of neutronics calculatiohthe driver
ore of CABRI.

CONCLUSION

cobalt and gold wires places at each corner of the

dummy assembly. This factor is used in the analys

of the measurements to obtain the kinetics paramet
(8= effective fraction of delayed neutrons ard=
prompt neutron generation time),

to validate neutronics calculations regarding the
relative reaction rate axial distributions and th

coupling factor (with the dummy assembly in place

of fuel assembly).

The dosimeters used are the same as for the cthdtry
(see § V. and Fig. 10).

A total of 40 dosimeters have been irradiated endbre of
CABRI during 5 consecutive 1-hour power steps (al3®5,
340, 1200 and 4900 W).

B. Main results of the dosmeters located at the 4
corners of the dummy assembly

The axial profiles for Au and Co dosimeters of theibes
are shown on Fig. 15.

The upper part of the axial distributions of thees 1, 2
and 4 are impacted by the position of the safety emntrol
rods (critical position at 425 mm in this case).b&u3,
positioned in the corner of the dummy assemblyadbto the
test cell is less affected.

Axial Profiles APIC
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Fig. 15. Au and Co axial reaction rate distribusidar the 4 tubes of
the dummy assembly

jIsne objectives of the dosimetry program built irpgort of

%he commissioning tests were reached.
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