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ABSTRACT OF THE DISSERTATION

Configuration of a Molten Chloride Fast Reactor
on a2 Thorium Fuel Cycle

to Current Nuclear Fuel Cycle Concerns

by
Eric Heinz Ottewitte
Doctor of Philosophy in Engineering
University of California, Los Angeles, 1982

Professor William B. Kastenberg, Chair

Current concerns about the nuclear fuel cycle seem to center on

waste management, non-proliferation, and optimum fuel utilization

(including use of thorium). This thesis attempts to design a fast
molten-salt reactor on the thorium fuel cycle to address these concerns
and then analyzes its potential performance, The result features

1+ A simplified easy=-to-replace skewed-tube geomeiry for the core

2. A veiﬁ'hard neutron specirum which allows the useful con=
sumption of all the actinides (no actinide wasie)

Je HReduced proliferation risks on the equilbrium cycle compared
to conventional fuel cycles because of the absence of car-
cinogenic, chemically=-separable plutonium and the presence of
232U which gives a tell-iale signal and is hazardous to work
with

4« A breeding gain in the neighborhcod of 043
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1.0 INTRODUCTION
1«1 Overview of Current Nuclear Politics and Technology

Telel Nuclear Fuel Cycle Problems and Their Politics

In recent years a number of concerns over ihe nuclear fuel cycle
nave arisen. A principal irritant is plutonium (Pu) production in the
existing light water reactor (LWR) uranium fuel cycle and in the fast
breeder (FBR) extension thereto. Concerned individuals fear that the
presence of Pu stockpiles mzy promote the proliferation of nuclear
weapons, covertly or overtly, among national and subnztional (eege
terrorist) groups.

In response to this concern, President Ford announced that “he US
would no longer consider reprocessing of LYR fuel to be a foregone
conclusion. The alternative of course is to stockpile or to bury spent
fuels, thereby creating a problem of actinide waste management, That
would appear to be less than an optimum ecclogical alternmative as much

23

of the uranium mined (mostly 8U) weuld never be used: mining trans-
forms mountain containing 10,000 parts of embedded uranium from natural
+o machine - processed state for the recovery of 72 parts fuel, Of
that, reactors consume 7 - 10 parts; a few parts change into plutonium
and the rest currently becomes other -~ actinide waste,

If commercizl FBRs ever appear, the associzted fuel cycle must
2lso contend with higher actinides such as emericium and curium, Heat
source rate and alvha decay toxicity may economically prohibit their

fabrication into fuel rods,

These znd other concerns also influenced President Carter to slow

dovm the plans for commercial FBRs.



1e142 Technical Solution: Thorium Fuel Cycle

The thorium fuel cycle solves some of these problems, By
starting with a material which is lower in atomic weight (A=232
vse 238) this fuel cycle eventually produces far less alpha-active
waste (especially carcinogenic and weapons-grade Pu) than the 2380/

233U from the Th fuel cycle makes just as

232

Pu fuel cycle. Though
good 2 nuclear explosive, it is always accompanied by U whose
dauzhter decay products emit a highly-peneiratinz gemma radiation.

This makes 233

U hazardous to work withe It also signals its location
and transport.

14143 Technical Solution: Molten Salt Fast Reactor

1e1e3.1 Advantazes of fluid=uel reactors. Fluid-fuel reactors

continuously add fuel and remove fission products and require no fuel
refabrication., Molten-salt reactors (MSR) have been more extensively
developed than other fluid-fuel power systems. They appear to offer
advantages in limiting the proliferation of nuclear explosives: the
fuel cycle inventory of weapons-grade material outside the reactor is
very small and concentrated at the power plants; little stockpiling
or shipping of weapons-grade fissile materials occurs.

1e143¢2 ILatroduction to the MSFR, Beginning shorily after World War

IT but extending into the TO's several laboratories looked at molten
sclt fast reactor (MSFR) concepts, Interest generally followed the
fortunes of the thermal MSR and so has waned in recent y=ars, Through-
out this time, the inherent absence of cladding in an MSR has hinted
of a meutron economy sufficient for breeding.

A thermal reactor doesn't breed easily; it requires careful

design ard continuous reprocessing to minimize nonpreductive neutron



cacfures in fission products, core structural nmaierials, and control
poisonse An MSFR is not so sensitive; it has no moderator and little
internal structure, Cl and limited alkali (typically Na) are the
lightest materials present., Therefore, the neutron spectum remains
fast and fission products absorb far fewer neutrons,

Numerous workers have already studied the MSFR(U/Pu) as a
breeder, fission product burner, and ultra=-high, fast-flux test
facility with very hard neutron spectrum, This thesis systematically
examines the technical bases of IISFRs and extends MSFR studies into
the thorium fuel cycle, MSFR(Th), seeking 2 system which can maintain
criticality in stgady=-state operation without accumulating actinides
detrimentally.

2
/ 33

The Th, U and the 238U/Pu cycles differ in their neutron eco-

nomicse As a result, interest in the thermal molten salt breeder
reactor (SBR) has centered on its special usefulness for breediag on

2
/ 33

the Th U cycle, Interest in the MSFR has focused on exceptional

2
breeding gain (BG) with the 38

U/Pu cycle [USFR(T/Pu)]: up to
046= 048, For an MSFR (Th) even with an anticipated reduction of 0.2«
0s3, BG= 0e43~0.5 may be possible,

Though not usually emphasized, the very hard spectrum and good

neutron economy of an MSFR offer the prospect of usefully consuming

all actinide products: sooner or later a2ll the transactinides fission,

If some capture initizlly, that only (generally) further deforms the
nucleus, thereby increasing the probability of fission., Thus the MSFR
offers strong potential for resolving current concerms, particularly

on a thorium fuel cycle,



1.2 Historical Review of Molten Salt Activities
The history of the MSR is as old and complex as the history
of nuclear power itself, The ups and downs have followed those
of the parent technology but the swings have been if anything more
violents

10241 American Activities

le2e1e1 TDevelopment of the :S3R: In 1947 ORNL began a stuly on the

physics, chenistry, and engineering ol tv-aniume and thorium-bearing
molten fluorides, The potential for very high temperatures and power
density interested the aircraft propulsion projecte.

ISR technology first appeared in the open literature in 1957
(Briant and Weinberz[1])s Next, Bettis, et als [2,3] and Ergen, et
ale [4] reported on the Aircraft Reactor Experiment: a beryllium-
moderaied, thermal reactor fueled with a UF4/NaF/ZrF2 mix and con-
tained in Inconel, This reactor successfully operated in 1954 for
more then 90,000 kKihr without incident, at thermal powers up to 2.5
M4 and temperatures as high as 1650°F.

This marked the start of an ORNL program to develop a2 thermal
Molten Salt Breeder Reactor (USBR) for economic civilian power [5].
It included

1. Evaluating the most promising designs

2s Pinpointirg specific development problems

3. Developing materials for fuels, containers, and moderators

4+ Developing compenents, especially pumps, valves, and flanges

suitable for extended use with molten salts at 1300°C



In

1.

3.

Developing sﬁpp.Lementary chemical processes for recovering

valuable compcnents (other than uranium) from spent fuel.-

Developing and demanstrating the maintainability of an

MSE system.

1963, Alexander [6] summarized the Cak Ridge development:
i-- simplicity of the reacher core and the semicontinuocus
fuel handling apparatus lead to low capital costs and in-
creased plant avoiiability.

The simplicity and'ccntinuous nature of fissile and fertile
stream processing methods lead to negligible fuel cycle
cocsts in cn-site p_ants.

The negative temperature coefficient of reqctivity inherent
in the thermal expansicn of the fuel provic{es safety advant-
ages over other reactor cancepts.

The internally«cooled reactor offers competitive nuclear
performance; the externally-cooled reactor, superior per-

formance.

This effort Led to the design,rconstruction, and operation of

the 8=~iWth MNolten Sait Reacter Zxperiment (MSEZ).

Critical operatian

of the MSRT spanned the period fram June 1965 to December 1969, dur-

ing which the reactor accumilated over 13,000 equivalent full-power

hours of operaticn and demenstrated remarkably high levels of opera-

bility,

availability, and maintainability.

In recent years, Battelle Northwest Laboratory (BNWL) has made

critical experiments on MSBR configurations [7], Several United

States miversities have studied the chemistry of molten salts [8].



ANL identified the need [9] for in-pile corrosion testing at high burne

ups to clarify thc effect of noble-metal deposition on container metal.
Presently all work has stoppeds A current problem was that

Hastelloy=ll limited the temperatures of the ORNL MSBR: the additicn

of carbides into fthe grain boundaries keeps He from forming and

swelling there,but at high temperatures the carbides disappear into

the grains, E. Zeoroski of EPRI feels that the problem with the

{SBR was whether the system parts would hold together very long [10].

1e2e1e2 Develooment of the NCFR, Coodman et al [11} proposed a

molten~chloride fast reactor (ICFR) in 1952; Scatchard et al [12]
reviewed the chemical problers invelveds In 1955, Bulmer et 21,
[13] cesigned and evaluated = 500 MWth !MCFR, externally cooled,

At that time the work was secret and only later decléésified.
Chlorides of sodium, magnesium, uranium, and plutonium made

up the fuel salt. The blanket was depleted uranium oxide, cocled by
sodium, Their report contains numerous trade studies, some still
useful.

Bulmer chose chlorides over fluorides to limit neutron moder-
ation, However, he felt tkat the strong 3501(n,p) reaction would
require enrichment in 37Cl. M, Taube [14=16] of $he Institute
of Nuclear Research, Warsaw shared this view, More recently both
Taube [17] and Faugeras [18] have mentioned that fluoride salts may

233

work well with U in a fast reactor in spite of the extra moderw
ation, The MSFR work then shifted to Argonne Natijonsl Laboratory
(ANL).

E. S. Bettis (ORNL) feels that [19] ORNL's look at the MCFR was



very superficial since it was outside their thermal reactor charter.
They mainly criticized the high fuel invenfory tied up in the heat
exchanger, Bettis thought that M. Taube had z good idea in direct
cooling (im-core, no fuel circulation) with boiling Hg [20], but

that insufficient quantities of Hg exist. ORNL looked unsuccessfully
at molten lead direct cooling: corrosion proved to be the Achilles
Heel,

In 1967, ANL swmearized [21] the fuel properties and nuclear
performance of fast reactors fueled with uranium and plutonium tri-
chlorides dissolved in chlorides of alkalis and alkaline-earths,
Included were the physical and chemical properties of the fuel, and
the heat removal and neutronzcs for one homogeneocus reactor and two
internally=cooled reactors, The optimum core volumeafor 1000 Mie
power proved to be 10,000 liters for each type.s Each exhibited
favorable characteristics of high breeding ratio, large negative
temperature coefficlents of reactivity, and low fuel=cycle cost.
However, the unattractive characterisiics of large plutonium
inventory, large volume, complex design, and container material
problems indicated the need for a sizable program to develop the
MCFR(U/Pu).

Recently L. E. lcNeese [22] offered the following comments on
the MCFR:

1+ Resistance of Mo %o salt corrosion seems to depend directly

on the oxidation states present, as expressed by the "redox"
potential, This corresponds to fthe directions of fthe Swiss

chemiczl research,



2. Re graphite vs, Mo as a structural material: graphite is
a2 step up in technology requirementss It is also subject
to radiation damzge., ORNL stopped the engineering on it
for MSBR.

3. Re in-core vs, out-of-core cooling: .inwcore offers lower
inventory (SI), but hish structural rediation damage. The
extra shielding for out-of-core is inconsequential. Though
the out-of-core (Pu) version oriers a breeding gain of 0.6
-0,7 to counteract the extra inventory, the economic mea~
sare of interest (2t least for U/Pu cycles) is aporox-

-1 .
imzfely 512 BC o <n summary out-of-core will be easiest,

but may be less economic in terms of fuel costs,.

Pission product burner concepts are of littie interest:
only 1291 separation has been contemplated.

4, The Swiss molten chloride fast reactor desizns presume that
a, stream of about one ppm can be continuously directed for
reprocessing and returned. For this:

a. the chemistry exists (at least for fluorine
systems);

be the engineering ability exists;

ce the small-scale ORNL/MSBR plant was not finished;
and

de scaling up has not been done and would be a sig-

nificant undertakinge—— mich work %o be done,

14242 European Activity

T1e242e1 Polanq/Switzerland, Led by Mieczyslaw Taube., M, Taube




first, in Poland and later in Switzerland, looked at a variety of

ISR concepts, primarily on the plutonium cycle. Principal studies

were on

1e 4 systém of about four fast MCFRs and one !SR "burner"
of fission product waste [23]. The overall system con=
sumes its own fission product wastes and still has a
Dositive breeding gaine The burner features a thermal flux
tra2p surrounded by fast reactor molten fuels The higher the
specific power (IW/1 ) in the system, the lower the steady-
stete fission product concentration becomes,

2. Optimization of the breeding retio for an HCFR(U/Pu),
theoretically achieving 1.6 = 1.8 [241.

The 10 I 1"1 power densitiy assumed by Dr, Taube far exceeds

the 70 - 80k 1™

technology of ORNL. Thus, little direct ex-
perience applies, S%ill, L. E, McNeese (ORNL) was unable to
immediately foresee any intrinsic difficulty with 10 M/ l"1 [22].
Presently, the Swiss work has stopped, as the electorate
pushes the laboratory from reactor research towards general energy

research and development,

1,2,242 France, In France, Comms Energ. Atomique (CEA) and

Electricite de France (EdF) sponsored development of the MSBR as
backup to the Superphoenix breeder, EJF emphasized lower powers
for neareterm feasibility, Their long-term interests included
direct-=contact in~core molten-lead cooling. CEA pursued higher
temperatures for long-term application. Their near-term interests

centered on experimenial corrosion studies,



Fonteray-aux-Roses (CBA) and Pechiney Ugine Kuhlman (PUK)
studied several high temperature ISR concepts [18,25,26], a
Th/ 233y cycle in fast and thermal fluoride-salt reactors and an
MCFR (U/Pu). The MCFR design features in—core cooling (Fi:g.
1.2-1) and a 7.62 e cylindrical core surrounded by a 30 -
blanket, Table 1.2-I intercompares the main fast and thermal
1'Sr. ccneepts of the French.

A CZA/FUK subccmpany, SERS, and Carbonne-Lorraine (27]
carried out experimental studies in 1974-1976 including

1, Tests of the mechanical performance of the materials

under tempcrature and radiation

2. Corrcsicn tests in salt at high temperzture

3. Cperation of loops at high temperaturs: one fecr iso-

thermal hydrodynamic studies, a non—iscthermal cne with
small flow for heat exchanse studies, and a third non-
isothermal one for corrosicn.

In 1977, if the above results were positive, they were to decide on

a development program whose cbject would be the construction of
a prototype of 25 - 50 MJth.,

The American and French atomic organizations were also seek—
ing to agree on the fields of preparation for a 200 Mife MSBR demo-
plant. They were to decide in 1979 on the: censtruction of this
reactor, depending on the progress with high temperature reactors

and success of the French Superphoenix 1200 MW(e) Liquid Metal
Breeder Reactor (LMFER).

10
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Table 1.2-1 COMPARISON OF FRENCH MOLTEN SALT REACTORS

Fast Thermal
CHARACTERISTIC Reactor Reactor
Power, Mw
Thermal 2050 2250
Electrical 1000 1000
Core specific power w_/cm3 255 2
Efficiency % 49 L,
Fuel, mol % 15 PuClB 71.7 LiF
85 NaCl 16 Bei2
12  Thr
0.3 UF 4
4
Fertile material, mol% 65 238U013 71.7 LiF
35 NaCl 16  BeF
2 T
0.3 UF L
Secondaery coolant AlCl3 NaBF4
Working fluid Dissociating Steam
Né)h Gas
Core fuel velocity, m/s 2 2.5
Neutron spectrum 0.01 Kev to 10 Mev Thermal
Moderatoer None Graphite
Structural material
reactor and tubes Molybdenum Alloy Hastelloy=N

(Nickel or Iron
Added)



1.2,2.3 England, British workers studied MSRs in 1954 and 1965,
lhe MSFR interested them the most and they felt that such a study
would complement the U3 MSBR program. A preliminary study of a

. 2
fast system using the 33U/Th cycle and fluoride salts did not

look encouraging, so they refﬁcused on a 238U/Pu cycle and chloride
salts. Work on salt chemistry began in 1965; in 1970-1972 the
program extende< “c include other materials aspects.

iJarkevrs at Harwell and “infrith examined three variants of
¢ 25C0 Mile MCFR(238U/Pu) [28-31]: in-core "direct" cooling by
molten lead drops, in—core ccoling by blanket salt passing through
Yo tubes,end cut-ci-ccre cooling.

The direct scheme enccuw tered teo many protclems. The in-—ccre
cooling cencept appeared to warrant further study but the fuel
inventory did not appear to be as low as first thought; also the
high velocities and high pumping pressures presented serious
design problems. The corrosion limits and strength of molybdenum
or its alloys at reactor temperatures represented a large unknown.

With out~of-core cooling, at first the fuel inventory in the
reactor circuit was tco high. Hcwever, ccompact layouts and higher
{but still achievable) heat exchanger volumetric ratings reduced
it to within reason. Figure 1.2-2 illustrates the design. The
neutron flux was 3 £ 10'0 n em® s~ in the reactor and 3 x 10'3

Jdn the heat exchanger.

1.2,2. Soviet Unicne Very little is known -about Soviet Union |

engineering studies. However, extensive salt thermodynamic and

physical property studies, evidenced in Section 3.3, suggest a

13
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much larger supporting research program than in the Western
world., A USSR review book on Liquid-salt Nuclear Reactors
regards MSRs as reactors of future with compact and promising
fuel cycles, They conclude that the developmental focus must
be on the external fuel cycle, ergo the USSR attention to salt
properties,

1e2e3 Summary MSR State~of-the-Art

Botn the 2 MWth ARE and the 8 MWth MSRE demonstrated ex-
tended successful MSR performance but under conditions less
strenuous than those considered for a 1000 MWe or MCFR. The
question remains: will a circulzting=fuel system hold togeiher
long enough to be practical? lMore specifically, how will the
candidate container materials - Mo alloys, graphite, or compos=~
ites with these - hold up at high temperature to corrosion by
the variety of mutants and oxidation states which high burnup
produces? The answer %o such questions will come from in-pile
corrosion testing, The French have an on-going experimental
program in such engineering studies, but it may be proprietary.

Much work needs to be done in developing and scaling up
the reprocessing system.

With out~of-core cooling most of the fuel circulates
outside the core. This threatens the reactor stability., In-
ventory reduction requires compact layouts and high heat

exchanger efficiency,

15



2,0 ANALYSIS OF CONTEMPORY CONCERNS ABOUT THE NUCLEAR FUBL CYCLE

AND OTHER CONSIDERATIONS AFFECTING CHOICE OF AN ADVANCED CONCEPT

241 MNuclear Fuel Cycle Waste Management

One primary facet of the nuclear waste problem is that reactor
operation induces short-and intermediate-lived radioactivity in
materials which had been stable or only long-lived radicactive, The
selution is to alfermatively store the activated materials until they
decay, or to transmute them back into harmless stable or quasi-stable
nuclides, When operation produces nuclides which poison the enviro-
ment 2= last long, then ecology prefers the added speed of transe
mutation,

Fuel cycle wastes occur in preparation of the fuel (mill tail-
ings), reactor operation (spent fuel and activation of air and water),
and reactor decommissioning (activation products of strustural
materials). The latter are geperally nonvolatile, bound up in the
structural material, and extremely difficult to release to the
enviroment, even in accident situations, The mill {ailings are in-
herently low-level, Holdup tanks and stacks with large dilution
factors manage the air and water aciivations, Managzment of the
spent fuel poses thez major problem: all others pale in comparison,

In the absence of US reprocessing,spent fuel has accumulated
recently such as to saturate the utility storage poolss To prevent
loss of nuclear generation, DOE plans to find away-fromereactor
storage capacity for 810 MT of spent fuel by 1984 and at least
25,000 MT by 1996, Foreign spent fuel will add to these require-
ments [32]e

16



24141 Characterization of Spent Fuel Wastes

Fission products and transmuted actinides emit most of the
radiation in spent-fuel, Some of these radioisotopes exist for
long times, comparable with a human life span. Those with half-
1life of a few to 50 years are particularly hazardous because they
radiate faster than the longer-lived ones. How long each element
remains in a human or animal depends an its biological-eliminaticn
half-life, which may be very long.

Scme half-lives exceed the life span of our society. A concern
then arises that nuclear power might burden the generations to come

with accunulated waste, pari-cularly the transactinides (Fiszure

2.1-1).
Relative
Toxicity
.11
N
1074
Figure 241=i

‘Bazard from Fuel

Wastes [33] 1073
actinides

fission products

Cs + Sr

J T T ..
1:1’ ju 1} LOS 1.J°
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2.1.1.1 Cas=s. 3Spent fuel gases generally include He and T2 from
ternary fissicn, HE' Dz, T2' and He frcm charged-particls-out thresn-
cid reacticns, ard fissicn procduct gases {Xe, Kr, and Iz). In either
a molten salt fuel or in disscluticn of a solid fuel, gases serarate
cut easily.

The IASA Code cf Practice for Safe Handling cf Radicnuclides
ciassifies radicnuciides into fcur greups according to their
radictexicity per unit activity, primarily upen irhalaticn. £n HCPX

(Th) cculd produce the following nuclides in gaseous form (half-lives

in parentheses):

1. Greup I {(very hizh -adictoxicity): ncns

O~ e

, 1+
2., Greup IT (high radiotoxicity): 3%e1 (3x105x) , i {B.C 2},
and 21 (20.8 1)
: .. 16 38...
3. Greup III (mcderate radictexicity): ~ F {(10%9.8m), “°Ci
2 . )
(37.2m), B (10.727), Tir (76m), P (2,29 1), B
(52.6m), 3% (6.6n), PXe (9.1n) .
L. Greup IV {lcw radicteoxdcity): 3 (12.33 v}, 129, (1.6x1€7-%

211
Blre® (11.9 4), Pte (5.25 d) .

Cf these only 3H, 1291, 85Krm, and 3601 (in order of increasing

hazard) have half-lives long enough tc warrant processing: the rest
just require short-term holdup before releasé %o the atmosphere,

Low hazard tritium relatively emits only weak radiation; its
maximum allowable conecentration is amang the highest for any
radicactive material. Furthermore the body excretes it rapidiy anc

it cannct ticlegicaily cencentrate in the envircnment, in feod chains

18



or in man. It decays with a 12.3 years half-life to harmless helium
and thus poses no leng term hazard. It also has applicatien for the

fusion prcgram. Nevertheless, it must be menitored and is hard to

contain.

8 .
SKrm has a similar half-life but is far more toxiz. As an
inert gas, it is easy to isolate. Both 12912 and 36C12 gases

might be returned to the reactor as halide salt. There they will

most likely transmute to harmless 3701 and lBOKr.

2.1.1.2 Solid fissicn procucts. Storage fer about a year (Fig.

2.1-2) reduces most fissicn product radioactivity to more manage-
able amcunts. Cf the remainiag radioisotcpes the most hazardous are
thcse which metabolize and beceme a part cof living crganisms, and

decay with half-iives comparable to a human life-span.

2.1.1.3 Actinides. Management of actinide wastes has caused

much controversy in recent years [35-49]. Their long half-life

makes actinides a quasi-permanent burden unless one can transmute or

otherwise remove them from the enviroment. Alpha-emitters threaten the

most, particularly wihen ingested. Plutconium is the worst of these:
inside the body it seeks out and locates on banes, which makes it
carcinogenic. Secticn 2.1.1.4 discusses this furiher.

Most acétinides though usually in zn unwieldy form can also

be used for weapons Secticn 2.2 analyzes this.
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2.1.1.4 Unique biolegical hazard of plutonium [50]. Most chemical

elements react chemically with biclogical systems, some of them
detrimentally. Cthers may be safe in elemental form, but not as
compounds. Individual isotopes can also harm living matter by enit~
ting dangerous radiation. All the isetopes of actinide elements
radiate. Plutonium predominates amcng these elements because it
comprises five quasi-stable isotopes and constitutes the first
significant element above starter uranium on the A scale.

The main isotopes of plutonium, in order of decreasing
importance are 239Pu, 24OPu, 2hl?u, 238Pu, and 242Pu. This reflects
their usual cencentraticns and activity rates. In high-burnup
LMFBR fuel, Pu-241 presents the principal short-term hazard (Table
2.1-1). 239py emits 5.15 MeV alpha particles which range only
3.6 ¢ in air and less than LS/pAm in water. In each lonizing
collision with air or water mclecules, the alpha leses 35 eV.
After about 120,000 collisians, it has lost all of its kinetic
energy. It then stops, captures two electrcns, and changes inte
a neutral helium atom. Noble gas helium does not affect the
human body.

Cutside the human body the alpha radiation poses no threat:
5.1 MeV alpha-particles can penetrate the skin from outside only
to a depth of Aé/pkm. This is still within the epidermis layer
which regenerates very quickly.

The short track length of an alpha-particle in living tissue
concentrates the energy abscrption in a relatively small volume

thereby increasing its effect. Thus to compare toxicity of alpha

21



TABLE 241=I

RADIOACTIVITY IN FUEL 120 DAYS AFTER DISCHARGE FROM
A 100-MWD/kg, 1000-MWE FBR

Equilibrium Rffé“g“ Level Ater

Decay . Discha'rg_e e ooling

Isotope Mode Hall Llfer Coms:nsmon Curies per kg | Kilocuries
(refSes) | Dacnares | 2l

U-232 a |73.6y 0.014 2.09 x 10* 0.0
U-237 ¢ |6.754d 3.0 356 0.0
U-238 @ |4.5x10%y | 909kg 335x10 | a0
U-239 g l|23.5m 1.2 2x 1077 0.0
Np-236 | @ [22h(57%) | 0.0000i& | 5.5 0.0
Np-237 | B |2aax178y) 17s. 0.706 0.0
Np-238 | 8 |z.104d 0.112 224. 0.0
Np-239 | A {2354 179 310, 0.0
Pu-236| a |2.85y 0.0046 5.04 x 10° 0.0
Pu-238 | « |89y 246, 1.63 x 10t 4.1
Pu-2319 | o 24,400y 40.4 kg 61.38 2.5
Pu-240 | & |6760y 17.2 kg 221. 3.8
Pu-241| e {13y 2.3 kg 1.13 x 10° 260.0
Pu-242 | @ [379,000y 1.2 kg 3.89 0.0
Pu-243 | B |4.98h 0.05 0.1 0.0
Am-241| @ |4S58y 176 3.25x 10° 0.6
Am-242| B,y |16h(81%) | 0.064 0.6 0.0
Am-243| « |8000y 96.5 1.85 x 10° 17.9
Am-2¢4| 8,y |26m 0.014 2.7x107° 0.0
Cm-242 @ |l62.5d 16.2 2.1 x 108 34.0
Cm-243] « |35y 0.257 4.2 x10% 0.0
Cm-244] a |84y 6.50 7.95 x 10% 0.5
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with the well-known results for X-rays one must multiply the emergy

absorption for alpha-particles by the "Quality Factor™, varying from
10 to 50.

The most dangerous situaticn arises ‘when plutoniun enters tiae
human body. Alpha-particles can then penetrate into the tissues to

a depth of L5/}&nu Tissues generally are shislded by membranes,
but these are thirnmer than 1/}th

As water ccmprises mcre than 7C% by weigat of human iissue,

the icnizing penetration preduces hydr-ogen percxide tarcugh radio-

ysis. Peroxide acts as a very streng poiscn inside living tissue:
through a series of chemical reacticns it charges the structure in
the enzymes which catalyze biochemisiry inside the living cell,
Prolonged irradiaticn by alpha=-particles also cdeforms nucleic acids,

the carriers of genetic informaticn.

Cur widest experience concerning biclcgical effects of alpha

emitters is with 2‘6Ra. Seventy years of handling suggests tnat

the bedy burden limit for occupatianal expesure tc it be 0.1 _}LCi
(O']uﬁLg)' Experiments on dogs and othe