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Abstract. The Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Lab was
commissioned during the summer of 1999. Transverse beam profiles on RHIC are measured with
ionization profile monitors (1PM s). An 1PM measures beam profiles by collecting the electrons
liberated by residual gas ionization by the beam. The detector is placed in the gap of a dipole
magnet to force the electrons to travel in straight lines from the beamline center to the collector.
One 1PM was tested and it measured the profiles of a single gold bunch containing 108 ions on
consecutive turns. We show an example of one of these profiles giving transverse emittance.
Also several profiles are combined into a mountain-range plot which shows betatron oscillations at
injection.

INTRODUCTION

The Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Laboratory is a

pair of concentric synchrotrons in which counter-rotating beams intersect at six points

[1]. Beams ranging in mass horn protons (E.==250 GeV) to filly-stripped gold

(E~==l 00 GeV/nucleon) are accelerated and stored for several hours. There are

detectors at four of the six intersection points.

Transverse beam profiles are measured with ionization profile monitors

(1PM s)[2,3]. An 1PM collects the electrons in the beamline resulting from residual gas

ionization during a bunch passage. The electrons are swept transversely from the

beamline and collected on strip anodes oriented parallel to the beam axis. As each

bunch passes through the detector, the charge pulses are amplified, integrated, and

digitized to give the bunch profile. Four 1PM s are installed to measure vertical and

horizontal profiles in the two rings.

The beam profile is measured primarily to fmd the transverse beam emittance [4].

The beam radius at the 1PM is equal to the square root of the betatron function, &PM,

times the ernktance. The value of ~lpM is either calculated or measured and the beam

radius is determined by profile measurements.

This paper describes the beam profile detector used on RHIC and shows data

collected during the RHIC commissioning experiments. A single-bunch profile is

shown born which we calculate the beam emittance. Also several profiles made on

consecutive turns are assembled into a mountain-range plot which shows betatron

oscillations at injection.

*work perf Ormed under the auspices of the U.S. Department of Energy.
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EFFECT OF RADIATION ON SPINEL CERAMICS FOR PERMANENT .
CONTAINERS FOR NUCLEAR WASTE TRANSPORTATION AND STORAGE

A. Rokhvarger, Nucon Systems, Inc., NYC and
J. Adarns, M. Cowgill, and P. Moskowi% Brookhaven National Laboratory, Upton, NY

ABSTRACT
NUCON Systems, Inc., NY @Jucon) has proposed an alternative waste

management technology and developed ceramic material forrnulat ions from inexpensive
spinel (MgAlzOd) refractory powder (no inorganic additives) in order to fabricate ceramic
containers for the transportation and permanent storage of nuclear waste. Nucon has
contracted with the Brookhaven National Laboratory (BNL) Department of Advanced
Technology (DAT) to develop a test methodology and provide evaluation of the effects
of radiation on these materials.

The Gamma Irradiation Facility (GIF) of BNL was used to irradiate samples. The
radiation resistance of three spinel compositions (B 1, B2, and C2) and two physical
fomls (slip cast bars and extruded rods) were tested. The spinel compositions differ only
in particle and crystal size distributions and suppliers. Compressive strengths of
unirradiated baseline samples were compared to those of samples irradiated to total
gamma doses of 1x108, 5x108, and 1x109 rad. Other physical evaluations included water
absorption, bulk and geometric density, apparent specific gravity, and apparent porosity.

This presentation discusses the first results of the application of the BNL–

Nucon’s test methodology. The paper is a continuation of the series of presentations on
the “ceramic container” project made at the Waste Management Technology Section of
the American Ceramic Society Annual Meetings of 1995, 1998, and 1999 [1. 2, and 3].

INTRODUCTION
Existing technologies for dealing with high level nuclear wastes involve mixing

them with and/or immobilizing them in inett and attenuating materials, such as concrete,
metal, boron silicate glass and special ceramics. Such technologies have their limitations,
including high costs and increased associated hazards. Because of their hazardous nature,
all the associated waste treatment practices, including the mixing and forming processes,
are very expensive, especially the hot isostatic pressing of ceramic waste forms. The
very act of mixing almost invariably results in a significant increase in the volume of
waste and thus leads to higher storage and disposal costs. While in storage and,
particularly after disposal, the stabilized waste form may be subjected to environmental
insults, including those of chemical, water, thermal, biological and radioactive nature.

These can cause degradation and ultimately lead to contamination of the filling



and surrounding materials. One proposed solution is 10 usc stainless stce] containers fir
Ihc transportation and temporary smra:e of untreated nuclear waste and producls. Such
containers are, vety expensive but, more importantly, even they are not totally immune to
leaking afier dozens of years, particularly in the region of the closure welds. Thus it is
now generally accepted that current technological methods do not represent the ultimate
solution to the permanent and inexpensive isolation and storage of high-level nuclear
waste and products.

The “ceramic container” project promises to be a breakthrough in the existing
waste management technology paradigm because ceramic container assembly minimizes
the need for initial treatment and excludes waste immobilization processes. At the same
time, it provides an acceptable, stable isolating structure in which nuclear waste products
can be safely transported, stored and permanently disposed.

Cost-effective technologies for the production of large thick-walled ceramic
vessels and their 1ids and searnlessl y closing of ceramic containers have been developed

and patented [4, 5, and 6]. The first ceramic vessel is a major component in an onion-like
container assembly that employs add itional vessels and interim layers made of other
materials to provide the necessary radiation attenuation and protection from outside~---------- _—.—.—-
mechanical impacts. The ceramic vessel itself is the innermost component, into which the
n~lrl~ar wacte ic lnntl.wl hefnre the VPCG=I ic Q=amlecclv clncd Th - enmnlete ~nntainer. . . . . . . . ------ . . ------- “-. ”.- . ..- . “u”-. .“ “---------- J -. VUV-. . . . . ““. ,. ~aw.” “v, . . . . . ..-.

assembly constitutes a stable mechanical barrier that provides complete separation of
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In order to develop such a ceramic vessel, Dr. Rokhvarger has developed an
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alumina-magnesia spinel (MgAlzOd). The unique properties and advantages of this spinel,
a material which is exlrcmeiy siabie over geological iimc periods under ail praciicaiiy
possible chemical, water, biological, thermal and radiation corrosion impacts, have been
discussed in severai articies by specialists at the U.S. Department of Energy and reviewed
in [3]. The same reference, [3], discussed the major features of Nucon’s technology, such
as employing extrusion and slip-casting forming methods to make possible the cost-
effective industrial production of large thick-walled container vessels and their lids.

Three key physical parameters, compressive strength, gas impemleability and
radiation resistance, must be optimized if the newly deveioped spinel ceramics are to find
application in the proposed ceramic containers. It is essential that the spinel ceramics
meet the regulatory requirements with re~ard to these three parameters if the total
ceramic container concept is to become feasible and workable. The present program was
conceived to demonstrate that the newly developed spinei ceramics rn.eet at least the
radiation stability requirements being practically nonporous and high dense material.

REGULATORY WDIATION REQUIREMENTS
PanA; Ant/= rn!ltf=rialc fnr all .Irnctr= Pn”ta;”-r mmml;fimt; m”c (;”-l,./!; ”,-,WW.”. wra.- .,. LA.WA.-.= .=. . . . .. -.” -“,..-.,,”, .+,-... n-
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spent fuel and disposal of low- and high-level wastes) are subject to assessment of
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requirements for packaging, storage and transportation of all radioactive wastes
,..-–s.. J-—~mcmmmg spent nuclear fuel) are coti’mined in severai parts of the Code of Federai
Regulations. However, these documents themselves are generzdly not prescriptive of
actuai materiais properties. Guidance on interpretation of the regulations with regard to



<pccific materia! property requirements is usually contained in related documents such as

regulator>’ guides and branch technical positions. A revictv of the latter revealed only
one specific radiation resistance requirement for containers - that high integrity
containers be able to withstand “10: rad or greater if necessary” [7]. There is no
specification of energy spectrum or flux, but the original goal of 10* rad is based on being
approximately equivalent to the total dose acquired over 300 years by a waste form
loaded to a Cs- 137 or Sr-90 concentration of 10Ci/ft3. Cumulative doses of the gamma
radiation calculated for the storage applications of various high-level nuclear wastes

typically exceeding 108rad should not significantly exceed 109rad for the first 1000 years
of waste exposures when 95°/0 - 99% of gamma radiation and 100% of alpha and beta
mci ialion have fo be em.itteci=

With regard to the radiation energy spectrum, Cs- 137 emits gamma rays with
.=”--”., Ar nnrwnvimntalv AA9 bsV. Q.-O(I k n -.,.- Iwata am h-tar 1- .-- IA, tha cnaet.rim
w,,”, ~, v, czyy, va . . ..u.”.. ““- -W . , “.—, ” ,.2 m p“. ” -L&A -,, ,,..”. . A,, ,-.,., , u,” Oyw” “’,,

seen by a container, especially one containing spent fuel afier ten or more years of the
-., ------- :- - ..,..+..- --- ....11 L,. --~ ...-..1.4 --AI.. :--1.. A- --——- --~ k-6-
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rays. However, we suppose, for low- and high-level waste containment, the tests can be
perfomned in a “gamma irradiator or equivalent” [7]. if a CO-6CJradiation source is used,
it wiIl emit gamma rays with energies of 1.17 MeV and 1.33 MeV. When dealing with
dense materiais such as steeis, concrete, and ceramics, smai i differences in gamma
energy levels are not considered important.

CERAMICS SAMPLING
Ceramic samples were prepared and preliminary tested at the Center for Ceramic

Research, Rutgers University, NJ by Dr. Rokhvarger and two his associates from Nucon
Systems, 1nc. Three spine! formulations, designated B 1, B2 and C2, were investigated.
The B 1 and B2 samples were in the form of slip cast rectangular beams, measuring
nominally 8mm x 16mm x 50 and 150mm long. The C2 samples were in the fom~ of
extruded rods, nominally 9mm diameter x 50mm and 130mm long. The samples were
weighed and measured at the outset of the program then loaded into a Pyrex jar of
internal diameter 70mm (2.75 inch) for exposure to gamma radiation. Sample irradiation
took place in the BNL Gamma h-radiation Facility (GIF), which uses CO-60 sources. Co-
do is a h~~aJoamm2 13?l~nCr W!fh S&Qr!~ ~arn.rn.a i~n~~ ~f ! .3325 M-f3V ~ld ! . ! 732 .MeV and~--------
bcta at 0.318 MeV. In order to minimize the time to dose, all ceramic samples were
~rr~rj~~~~~1,.:”0 n A,-.cs r-.*IaAf .-1 v 1 iS%i/_h Tha h;mh.ct AAcca aeh; .a.,,d .,,..UJL115 - Uwo= Ju.w v’ la, ” ‘rAw’.. ,.,” ,,, fyl~-. UW.JW -VI,,*V v“ ..QJ ! X i 09R?C!,

equivalent to about 1000 years exposure as a spent fuel container.
All :_.-L- .- .:-- . ----- J----- ..-a -- P-rr7 ..- L:-_.+ ..--A:*:---
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open to air, at a constant temperature of -7°C, the approximate temperature of the coolant
water in tile GIF. Due to size constraints in the irradiation zone and the number of

samples required for testing, only 50mm long samples were irradiated for each
composition.

SAMPLE EXAMINATION
Pre- and post-irradiation tests included visual observations, measurements of

sample mass, sample dimensions, compressive strength, and specific gravity, as described
below. Dye-penetrant tests were conducted in accordance with ASTM E 165 [8] to



determine cracks or fl-ws visible to the unaided eye. Sample dimensions were meas{lrecl

to k 0.000 Imm and sample mass to fO.001 g.
Sample densification was determined in accordance with ASTM C 373 [9].

These values were derived from the masses of dry samples and of water-impregnated
samples. “rhe latter samples were impregnated by boiling in water for 5 h, followed by
weighing, first suspended in water, then after dabbing briefly with a damp towel such that

a “saturated” weight is obtained. Weights were compared to the original “dry” sample
weight. The 50mm long bar and rod samples were found to weigh slightly less than the

SOg minimum sample size recommended in [9], leading to increased statistical
uncertain~ in these measurements. This error was countered in two ways. Firs4 the
num.her of snecimens for each izroun (dose/formulation) was increased bevond the_r. ------ ~. -r\---- -4– .–

recommended 5 to 8. Second, comparison of results from the longer 150mm samples
allnw-~ nn acct=ccment nf the efb-t nf ci7e nn the datietkal IInm=.tia; ntvu.. ” ---- -.. —“--., . ..-. . . -. --- ------ -. “.— . . . . . . --..”..—. ‘.---a ‘.&..J .

Because of the nondestructive nature of the density measurement, samples were
e,.he-”,,-n+l., ,4.:-,4 +Lem ,,cAA ffi. nmnrsva.ec.;fin +-s+;-” ;- “,-..A”,”C.C. ,,.:+L A CTAA ~ 772
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[1O]. This procedure specifies cylindrical specimens with a length-to-diameter ratio of
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capacity. Samples were cut to appropriate size using an Isomet low speed diamond
wafering saw. Bar sampies were squared and ciampe(i three at a time, with their iarge

flat surfaces abutting to form a 24mm x16mm x 50mm blocks. Rod samples, which were
slightly bowed, required the fabrication of a special jig to ensure that the cuts were
normal to the length of the sample. A split holder was made such that 5 samples could be
cut at once while squaring each sample individually. Compression testing was done using
an Instron 5582 load frame. In each case a minimum often specimens was tested for each
set of parameters investigated (spinel formulation and exposure condition).

The complete sample matrix is summarized in Tables 1 and 2. Table 1 presents
the radiation exposure matrix and lists the number samples (of length 50mm) and the
doses received for each of the three formulations to be investigated. B 1 and B2 samples
were pulled from the G1F atler total doses of 1x 10s, 5x108 and 1x109 rad were
accumulated. C2 samples were similarly sampled at 1xl 0s and 5x108 rad, but were
removed slightly premature of 1xl 09 rad due to closure activities in the GIF. The highest
c!nse for these Sm?lp!es was 9.9X! 08 rad.

Sample Nominal sample #of samples # of samples #of samples
dimensions (mm) I exposed to exposed to I exposed to

1X108 rad 5xIOS rad 1X109 rad

Rod (C2) 08X 50 8 8 8
I

Beam (B I ) 7X14X50 8 8 8

Beam (B2) 7X14X50 8 8 8

●

☛

-.



Table 2 outlines the density and compression [ml matrix. [)cnsi[y tests were
performed on all 50mm-long spccimcns. In addition. IesIs were performed on 5 150mm-
Iong unirradiated B 1 and B2 bar specimens and 10 150mm-long unir-radiated C2 rod
samples. Compression tests were performed using specimens cut from the 50mm samples
used in the density tests. The rod samples yielded 2 compression test specimens \vhile dw
each beam sample yielded 6 smaller compression test specimens.

Table 2. Test Matrix

Sampie Test type (lNominai # of
specimen unirradiated

dimensions, mm) I specimens

I Density
Rod

I
(08 X 50) I

8
(C2) (08 X 150) 5

Compression 10

I (08x16) I

I
Density

I

Beam (7x 14X50)

‘B’) w
Compression
(7X7X14)

Density
Beam (7x i4x50j 8
(B2) (7X14X150) 5

Compression 10
(7x7xi4j

DISCUSSION OF THE TEST RESULTS

# of
specimens
exposed to
1X108 rad

8

8

10

8

10

#of I

# of’
specimens specimens
exposed to exposed to
5x108 rad lx109rad

8’ 8
.-

1Q-+
4-Q-

10 10

Sample Obsenations. On removal from the irradiation source, all the B l/B2
samples were noticeably discolored to a medium brown color. The highest dose (Ix 109
rad) produced only a slightly darker color than the lowest ( i x i 08 rad). This pilenorn. enon
results as electrons are displaced, forming ‘color centers’ within the material. This
intera~.ti~n is VerV [m<tahle however and ~0 ~jj ~~~~~ ~h~ ~~j~r f~~e~ ~~p~~jy (W~~h~n AS, -.. -— -.-, . . . . . . . . . . ----

h) to a light ivory color. Within a few days samples were only slightly tinted compared to
,,fi;rrort;m+ta~earnnliac Th--.l anrw=nl:mti k Lnn.,rn tfi .mnalc.rata -+,.- te. o -n—al finln.
9J,. llLCL”. UL-V OULL,~I”O. A ‘.-, ,.1-. CA..l.”.s. tte ,a n..” ”.. L“ CIU”u,”mak” ,-.”,, , .“ a ,1”, ,,, -, b“,”, .

The C2 samples were irradiated afier completion of the B l/B2 irradiations. As with
n 1lD- .- —-!-- -11 4L - n-l --—- -- ..I:._--l-_-A .- - —-4:.. — L------ -_ I__ -
D llDZ >dluplc>, all UIG Uz xuupica UISAJIU:GU Lu d llICUIUIII Uluwll Wlul, ~g~m WIU1 Ilulc

-..:4L 1:.41-

difference between minimum and maximum dose. However, this color persisted much
ionger than it dki with the B 1/B2 sampies. A possibie- reason for this is significantly



Table 3. Measured Geometric Sample Densities (g/cm’) for Ill, I?2 and C2 Samplcs (Mean : 20)
B1 B2 C2

p~& Post- Pre- Post-
—-~

Prc- 1’os(-
Radiation Radiation Radiation Radiation Radiation Radiation

1 x 10’Rad 3.36f0.01 3.37to.ol 3.31*0.02 3.32*0.02 3,40io.03 3d41fo.02
5x10’Rad 3.3920.03 3,41f0,02 3,29h0.03 3.30*0.03 3,37*0.03 3.39ko.03

1 x 10y Rad 3.39?0.04 3,39?0.03 3.31 f0.02 3.32k0.01 3.38k0.03 3.38io.04
Unirradiated 3.38 f0.02 3.31*0.01

—....— .
3.3910.01 . ..-—.

Table 4, Mean Water Absorption (’XO), Apparent Porosity (!40), Apparent Specific Gravity (g/cn]J),

and Bulk Density (g/cmj) of Bl, B2, and C2 Samples (Mean * 2cr)

Radiation dose / Sam~le Charac~eristics I
Unirradiated

1 x 108Rad 5x10BRad 1 x 109Rad I 1

B2

C2

I I I I L=50mm I L=l 5omm I
,

Water Absorption (%) O.olto.oo OCO1*O.O1 0,01*0.00 O.00*0,00 o.02ko,oo
Apparent Porosity (?40) 0.02*0.01 0,03k0.02 0,02*0.01 O.01*0.01 0.07*0.01

Apparent Specific Gravity (g/cm’) 3.43*0.00 3.47k0.02 3 .45*0 .02 3.46k0.03 3.44+0.01

Bulk Densitv (ticm’) 3.43*0.00 3.48k0.02 3.44*0.02 3.46k0.03 3.4310.01 I
..”. ,

Water Absorption (Yo) 0.18+0.05 o,17to.04 O.1O*O,O4 0,16f0.04 o.07to.oT”

Ar-marent Porosity (%) 0.60 f0.15 0.60+0.15 0.34*0.13 0.53*0$13 0.25f0. 13

A;~arent SDecifi; Gravitv (dcm’)
1

3,43*0.00 I 3.43*0.00 I 3,43ko.oo I 3.44*0,00 I 3.4410 .00–”1
-’, 1

Bulk Density Q/cm’) “ ‘- ‘ 3.41*0.01 3.41*0.00 3,42*0.01 3.42*0.01 3.43*0.01
Water Absomtion (%) 0.04*0.01 0.04*0.O1 0.02*0.01 0.03*0.01 I 0,06*0.01, .7 1

App. Porosity (%) 0.15*0.03 0J4*0.04 0.08*0,04 o. I 1*0.03 0,19*0.03

Apparent Specific Gravity (g/cm’) 3.39*0.01 3.39k0.02 3.38*0.02 3.39k0,02 3.37*0.00

Bulk Densitv (dcm’) 3.39*0,01 3.38*0.02 3.3850.02 3.39?0.02 3.37to.oo



smaller panicle size of C2 composition where panicles are in dw range 0( 0.5–3.9L1111and

50°A of the grains are less 1.5pm
Density Measurements. Geometric densities were calculated by dividing the

sample weight by the measured \olume. The as-received mean densities of the B 1, 62

and C2 samples were 3.38 * 0.02, 3.31 t 0.01, and 3.39 f 0.01 g/cm;, respectively. ‘l-hese
data are shown in Table 3, along with measurements made on irradiated samples
immediately on their removal from the GIF. Based on these data there appear to be no
consistent changes, either in sample dimensions or mass, due to absorbed radiation. The
slight changes noted in mass could be attributed to the fact that samples were not
prepared (cleaned, dried) prior to measurement.

~arn.nle ht!lk dencitie~ annart=nt wwcific uravitv water ~~~~rtinn and annnr.-nt
r-- ---- --.. -.----9 -rr----- -r------ 0--- ..J* ‘----- y.. ”.., . . . . ..yy.-. w...

porosity, derived from the ASTM C 373 testing, are shown in Table 4. These data were
el; ,++l., h;”hc.. *h*” rnam.,,.aA eamrna*;e ,-l. am.;h,.,-!,,.7..
=,,5,.,’J S, Z&. W, U,CL,, .,&&r_ !Ah - ~k”.,.”- .“ ““’.~.., V=. Ub.7, ~,””Cl”, J ““b t“ b,,u,~ :~, {k
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volume measurements, which do not take into account irregularityies in shape and surface
4-..*---- -C*L- . ..--1-. I-L.- .I..*..A.-.., +Lan? -.--.1,.. L-...-. .L - L:-L-..& ...-. -. -L--—.:--
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and apparent porosity, and B 1 the lowest These results also correlate with the surface
textures of’ the materiais, with (2 ‘tie roughest and B i the smoothest. Surface texture
may be a source of error, especially for measurement of saturated weight, because the
sampie is dabbed with a damp towei in an attempt to dry the surface without drawing
pore water from the sample. All samples should be ultimately gas impenetrable. Again,
no statistical significant changes were evident following irradiation.

Compressive Strength Measurement. Sample compressive strengths were
measured for unirradiated and irradiated samples in accordance with ASTM C 773 [10].
Samples with a nominal height to axial cross section ratio of 2.0 were tested, as described
previously. Steel contact blocks (1.50” x 1.50” x 0.73”) and cushion pads (1 .0” x 1.0.’ x
0.030”) were fabricated, for compliance with Procedure A of ASTM C773. Furthermore,
compressive strength test specimens were checked on an optical comparator to en.sure
conformance with Section 8.1 of the ASTM C773, that sample ends were enough plane,

parallel and perpendicular to the axis of the specimen. As Table 5 showed, for 2cT level of
fi~”~~-m,.- .fi~ =,,-rl far 2- !~v~i Af PA”~&.fi/%=. }v~ ,-A,,!~ “A+ ~at,a-:”a . ,- I.. ”tia ;~
tivllllublnbb CL1lU tiv till *U1 2U “, ““sx, ,uti, ,”w WV”, ” ,,”. UWLQ, ,,, ,,, Q a bllall EjQ

compressive strength c)f the ceramic samples as a resu It of the sample irradiation. It
-..14 L.a-- .:--A CL-. -- —----” :..- .+--- AL. acn~ -.. --1-- -1-../.- ● - ●L---...:--
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a separate and significant achievement of the developed ceramic technology.

Table 5. Compressive Strengths in MPa of Bl, B2 and C2 Samples (Meant 2a)

~ ‘1
B2 C2

1 x 108Rad
437 +62 359*35 740*41

5x108Rad
395 +23 530A81 728 k 28

1 X 109Rad
468 +59 449*31 754 k 32

Unirradiated
435 *35 561*51 781 k49



CONCLUSlONS
It is developed an alwrnativc \$’astc management technology for the permanent

containerization of nuclear and hazardous waste. featuring a patented cost-effective
technology of the production and scaling of thick-walled ceramic containers. Samples of
newly-developed, highly dense (gas impenetrable), high strength spine] ceramics were
exposed to gamma radiation for doses up to 109rad, in order to simulate the radiation
impacts of nuclear wastes during their permanent disposal in completely sealed ceramic
vessel of the container package.

It was shown that irradiation to 1x 109rad produced no statistically significant

effects on the physical properties of the spinel samples. Sample geometric and bulk
densities, apparent specific gravity, water absorption and apparent porosity were in line
with preliminary data supplied by Nucon specialists. The spinel material and refractory
products from it are well known to be extremely resistant to combining chemical, water,
and thermal or biological impacts. Now it is shown that commercial products from this
material would also retain their mechanical integrity under radiation during a
millennium-long time period. Thus, this new advanced and cost-effkctive technology for
producing gas tight and high strength thick-walled ceramic products from the originally
developed spinel ceramic formulation appears to be appropriate for use in multi-purpose
containers intended for the safe transportation and geological time-period
storage/disposal of nuclear and hazardous wastes.
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