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Rock salt is one of the considered storage mediums for nuclear high level waste (HLW), and so the behavior of
rock salt in the vicinity of HLW is of great practical interest. The main contribution to the irradiation from a radioac-
tive waste comes from gamma-radiation, which requires a comparison of its action with that of the electron irradia-
tion, widely used for simulation of radiation damage in rock salt. To solve this problem, we have used a linear elec-
tron accelerator to produce bremsstrahlung gamma-radiation spectrum similar to the real spectrum of HLW. Sam-
ples of synthetic crystals of NaCl have been y- irradiated up to the dose ranging from 1.2 10° Gy to 7.8 10® Gy and
subsequently investigated by means of differential scanning calorimetry and atomic force microscopy. Electron and
gamma irradiated samples have shown a comparable damage concentration and the structure of the radiolytic prod-
ucts, which justifies the use of electron irradiation for the imitation of radiation damage in the vicinity of HLW.

PACS: 28.41 Kw

1. INTRODUCTION

Rock salt is an attractive storage medium for nuclear
high level waste (HLW) since geological rock salt de-
posits stay away from water for millions of years. How-
ever, in-laboratory electron irradiation has been shown
to result in formation of radiolytic products, namely,
nano-sized sodium colloids and chlorine bubbles, fol-
lowed by formation of relatively large voids eventually
bringing the halogen gas and metal to a back reaction
inside the voids resulting in explosive fracture of sam-
ples with particular dopants [1-3]. So, the behavior of
rock salt in the vicinity of HLW should be investigated
very carefully.

One of the problems of imitation of actual condi-
tions of irradiation is that the main contribution to the ir-
radiation from a radioactive waste consists of gamma-
radiation, which requires a comparison of its action with
that of the electron irradiation. To solve this problem,
we have used a linear electron accelerator ELIAS of the
NSC KIPT to produce bremsstrahlung gamma-radiation
spectrum similar to the real spectrum of HLW. Samples
of synthetic crystals of NaCl (pure and doped by KBF,,
KCl, and NaBr) have been Y- irradiated up to the dose
ranging from 1.2 10* Gy to 7.8 10° Gy (12 Grad to
78 Grad) and subsequently investigated by means of dif-
ferential scanning calorimetry and atomic force mi-
croscopy. The results have been compared with those
produced by electron irradiation of NaCl samples at the
University of Groningen, and analyzed in the frame-
work of a new theoretical model [4,5].

2. EXPERIMENTAL PROCEDURE
2.1. ELECTRON IRRADIATION

The irradiation source consisted of a LINear electron
ACcelerator (LINAC), driven by the high voltage pro-
duced by a cascade generator, which was enclosed by a
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steel tank and placed (for reasons of radiation safety) in
a bunker. With this LINAC system we were able to irra-
diate a target area of 320 cm® at dose rates between
10 Mrad/hr and 1.5 Grad/hr in the temperature interval
40...150°C.

We have carried out four irradiation runs to different
dose levels in the temperature range from 40 to 150°C.
As a result, a total number of 1335 samples (pure and
alloyed by KBF4, K, Br, Ba, Li and F) have been irradi-
ated up to the total absorbed dose in the range from 20
to 1000 Grad with the dose rate ranging from 240 to
1000 Mrad/hour.

2.2. GAMMA-IRRADIATION

For obtaining bremsstrahlung gamma-radiation
spectrum that is similar to the one from a real radioac-
tive waste we have used a 3 MeV electron beam pro-
duced by Van-de-Graaf electrostatic electron accelerator
ELIAS of the model KS/3000. The electron beam was
converted into a beam of gamma-quanta by a specially
designed converter. The converter design was based on
modeling results on 3 MeV electron interaction with
converter construction elements with account of radia-
tion and radiation-chemical stability of converter con-
struction elements. Thus, the 3 MeV electron beam with
current density 150 WA/cm? was converted into the gam-
ma-quanta  beam  with intensity of  about
10" y-quanta/cm’sec.

A special thermostatic chamber for irradiation of
rock-salt specimens has been designed and manufac-
tured together with the converter. It allows irradiating
four rolls of rock-salt tablet-shaped specimens with di-
ameter of 5.5...6.0 mm by gamma-quanta simultaneously
at a constant temperature. Each roll may contain up to 25
specimens of one material with thickness of 0.7 mm.

The temperature can be stabilized during irradia-
tion in the range from 40°C to 150°C with accuracy of 1
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°C. Along the specimen roll, the intensity of gamma-
quanta decreases monotonously, which allows obtaining
specimens with different absorbed dose during one irra-
diation run.

In this study, 100 samples of synthetic crystals of
NaCl (pure and alloyed by KBF,, K, and Br, 25 samples
of each kind) have been irradiated by y-quanta at 100°C
up to the total absorbed dose in the range from 12 to
78 Grad.

2.3. ANALYTYCAL METHODS

The irradiated samples have been examined by
means of differential scanning calorimetry (DSC) and
atomic force microscopy (AFM).

The AFM results were obtained in ultra high vacu-
um (UHV) using an UHV AFM/STM Omicron system
in the non-contact mode. To avoid chemical reactions
between the radiolytic Na colloids and oxygen or water,
the irradiated samples were cleaved, prepared and kept
under UHV conditions prior to and during the experi-
ments. Several AFM images have been obtained from
different areas for each sample. The radii of AFM tips,
used in this investigation, have been estimated to be in
the range between 20 and 30 nm

DSC measurements are very suitable for the deter-
mination of the volume fraction of metallic Na produced
inside the sample during the irradiation process. The la-
tent heat of melting (LHM) of the Na colloids has been
measured for each sample with a Perkin-Elmer DSC-7
system. The LHM is proportional to the volume fraction
of the Na colloids so that the LHM equal to 1 J/g corre-
sponds approximately to the volume fraction of 2%. The
difference in heat flow between the irradiated sample
and the reference sample (unirradiated NaCl) was mea-
sured during heating from 50°C to 150°C with a heating
rate of 10°C/min. The appearance of the LHM peaks in
the ‘DSC-spectrum’ in this temperature interval is evi-
dence for the presence of sodium colloids in the sample.

3. RESULTS AND DISCUSSION

The nano-particles of metallic sodium formed after
electron and gamma irradiation of NaCl crystals, doped
by K are visualized on the AFM images shown in Fig.1.
The precipitates shape and sizes are slightly distorted
because of the convolution of the surface with the AFM
tip with irregular-shaped apex. It can be seen that the
sizes and the concentrations of sodium colloids formed
after electron and gamma irradiation are comparable.

The dose dependence of the latent heat of melting
(LHM) of the Na colloids in electron and gamma-irradi-
ated NaCl crystals, doped by K is shown in Fig.2.

It can be seen that the LHM (and consequently the
volume fraction) of Na colloids produced by gamma ir-
radiation at the maximum absorbed dose is lower than
that produced by electron irradiation by a factor of two.

This difference can be explained in the framework
of the model [4,5], as shown in Fig.2, which compares
the theoretical and experimental results.
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Fig.1. Typical AFM-images of NaCl crystals, doped by
K and irradiated at 100 C up to 10 Grad with electrons
(the upper picture) and up to 11.4 Grad with gamma-
quanta (the lower picture)
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Fig.2. Dose dependence of the colloid volume fraction
in NaCl+0.1%K at 100°C for different types and dose
rates of irradiation: K = 60 Mrad/h (gamma) and
240 Mrad/h (electron)

The model describes the evolution of sodium col-
loids, chlorine bubbles and voids under given irradiation
conditions that include the absorbed dose rate and tem-
perature. The theoretical curves in Fig.2 have been cal-
culated for different dose rates without taking into ac-
count the type of irradiation.

The comparison between theoretical and experimen-
tal results shows that the observed difference in colloid
production under electron and gamma irradiation may
be explained by the difference in the dose rates rather
than the irradiation type.
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HCHOJb30BAHUE JIEKTPOHHBIX YCKOPUTEJEM /11 UMUTAIIMA PATAAIIMOHHBIX 110-
BPEXJIEHUI B KAMEHHOM COJIM, PACCMATPUBAEMOMI B KAUECTBE CPE/IbI 3AXOPOHE-
HUA PAAMOAKTHUBHBIX OTXO/10OB

B.U. /Iyounxo, A.H. /loeous, B.H. bopucenxo, I0.T. Ilempyceunxo, B.H. I puyuna, A.B. Cyzonaxko, /I.U. Baiin-
wmeinn, X.B. oen Xapmoz

OpxHa 13 mpobiaeM UMHTAIWH IeHCTBHS paguoakTUBHBIX 0TX010B (PAQO) Ha cpexy 3aXOpOHEHHS 3aKIII0YaeTCs B
TOM, 4TO OCHOBHOH cocTapisironieil paauanuonHoro ¢poxa Bokpyr PAO sBnsercs raMma-o0iaydeHue, yTo Tpedyer
CpaBHEHUSI €ro AEHUCTBUS C JICHCTBHEM MMHUTAI[MOHHOTO JIEKTPOHHOrO 00iydeHus. [ pemenus 3Toi npoosiemMbl
OBUIO MCIOJIB30BAHO TOPMO3HOE TaMMa-H3JIydeHHE, 0IydaeMoe Ha JIMHEHHOM 3JICKTPOHHOM YCKOpHTeNe, OJIn3Koe
1O CHEKTpy K ramma-uznyueHuo PAO. O6pa3upst NaCl Obuir oBeprHyThl TaMMa-00JIy4eHHIO 10 103 B HHTEpBalle
1.2 10%...7.8 10® 'peii u 3aTeM UcCIIeM0BaHbl METOAOM IU(GPEPEHINANBHON CKAHUPYIOIIEH KAIOPUMETPHU U aTOM -
HO-TIOJIEBOH MHUKPOCKONUH. MccrenoBanue noKa3aio, YTo KOHIEHTPaLHs U CTPYKTypa IPOAYKTOB PaguoiIn3a B 00-
pasax, 00JIy4eHHBIX TaMMa-KBaHTaMH U JIEKTPOHAMHU, XOPOILO COTJIACYFOTCSL.

BUKOPUCTAHHS EJTEKTPOHHUX NPUCKOPHOBAYIB JIISA IMITAIIL PAJIAIIIAHAX
YIHIKOJI)KEHb Y KAM'STHIN COJII, PO3IJISTHYTOI SIK CEPEJIOBHIIE ITIOXOBAHHS
PAJJIOAKTUBHHUX BIIXOJAIB

B.1 /Iybinko, A.M. /loeéons, B.M. Bopucenko, 10.T. Ilempycenxo, B.M. I piyuna,
A.B. Cyzonaxko, A.1. Baiinwmein, X.B. oen Xapmoz

OpxHa i3 mpobneM imitanii nii pagioakTuBHHX BigxoniB (PAB) Ha cepenoBuile TOXOBaHHS IOJISATae B TiM, IO
OCHOBHOI CKJIQJIOBOi ONPOMiHEeHHS HaBKOJO PAB € ramma-onpomiHeHHs, IO BIMarae MOPiBHAHHS WOTO il 3 Ai€i0
IMITamifHOTO ENEKTPOHHOTO ONpoMiHeHHA. s BupimeHHs miei mpobiemu Oy0 BUKOPHCTAHO TaIbMOBE raMMa-
BUIIPOMIHIOBAaHHS, OJIep)KyBaHe Ha JIIHIHHOMY €JIeKTPOHHOMY MPUCKOPIOBadi, M0 OJIM3bKE 10 CIEKTPY A0 raMMa-
punpominropanns PAB. 3pasku NaCl 6yiu migmani raMMa-onpoMiHEHHIO [0 103 B inTepsani 1.2 10° ...7.8 10° I'peii i
HOTIM JIOCTIJDKEHI MeToJIoM JudepeHIiaIbHol CKaHyIo4oi KaJopuMeTpii 1 aTOMHO-IOJIBOBIH MiKpPOCKOIII.
JocnimKeHHs 1oKa3ajio, 10 KOHIEHTpalis H CTpyKTypa NMpOAYKTIB pajioyizy B 3pa3Kax, ONPOMIHEHHX ramma-
KBaHTaMH 1 JIEKTPOHAMH, T100PE MOTOKYIOThCS.
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