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Place: Lexington 

In closed-cycle power plants the reactor heat is removed by the cir
culation of a coolant through the pile and is made available, through a 
heat exchanger (radiator), to the air used in the propulsion system. 
(Whether or not the pile coolant is used directly to provide propulsive 
power, a coolant-to-air heat exchanger is still involved.) In order to 
determine the shielding weights reqxiired for the contemplated closed-
cycle systems, it is necessary to consider the extent to which the pile 
coolant becomes radioactive. In general, if the coolant radioactivity 
is so great as to require appreciable additional shielding of the heat 
exchanger, the shielding weight vill become excessire and the airplane 
unfeasible. 

/^he The neutron-induced radioactivity of the coolant depends on the 
coolant material and on the geometry and flux level of the reactor. In 
addition, the material over which the coolant flows in the reactor (tube 
material, fuel element coating) may contribute to the coolant activity. 
The shielding requirements, given the aforementioned factors, depend in 
turn on the nature of the radiations emitted and on the type of aircraft 
(nianned, tug-tow). Thais, alpha and beta particles (while they may in
troduce serious problems in the handling of the coolant after pile shut
down) do not present a serious shielding problem. Gamma rays may require 
special shielding. However, even for gamma rays, the shield thickness 
required in a given aircraft will depend on the energy of the emitted 
gamma rays—rays of less than '•̂ -'1 Mev. will be self-absorbed to a Igarge 
extent in dense coolants and in the walls of the heat exchanger, while 
more energetic gamma rays will emerge from the radiator practically un-
at tenuat ed ,y 

The radioactivity of the reactor coolant arises from the following 
sources: 

1. Neutron reactions involving the coolant material itself, 

2. Neutron reactions involving ij^urities originally present in 
the coolant material. 

3. Neutron reactions in the coating or tube--wall materials. Radio
active nuclei from this source can get into the coolant fluid 
as a restilt of the following processess 

(a) Recoil of nuclei, due to collisions with fast neutrons 
and, to a lesser extent, to neutron capture,-into the coolant. 

(b) Dissolving of the coating or tube materials into the 
coolant. \ 
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(c) Corrosion and erosion of the coating or tube materials 
by and into the coolant. 

k. Fission products, either diffusing through the coating or tube 
wall or coming through holes in the coating or tube. 

In order to maintain a consistent basis for comparison of the various 
sources of radioactivity, the coolant activity has been computed for two 
reactors with the following characteristics* 

1. Thermal reactors 

Power--10^ kwo 
U-235 content--10 kg. 
Dimensions--2 fto square cylinder, 6.3 ft.3 volume 
Tube diameter--I/4 Inch 
Free-flow ratio—0,l6 
Average thermal neutron fliox 2.k x 10-'-̂  /cm?, sec. 
Fraction of coolant in the reactor 0.1 

2o Fast reactor; 

Power-—105 kw. 
U-235 content--100 kg. 
Dimensions--2 ft. square cylinder; 6.3 ft.^ volume 
Tube diameter--I/4 Inch 
Free-flow ratio O.I6 
Average fast neutron flux--8 x 10l5/cm?, sec. 
Fraction of coolant in the reactor O d 

The coolant activity varies directly with the reactor power and the 
coolant volume in the pile, and inverssLy with the uranium 235 content. 
Thus the results that follow can easily be extended to other reactor 
powers and geometries. 

In each case, the procedure has been to compute the total number of 
gamma-rays emitted in the coolant during one day's operation at full power. 
All of the gamma rays are assixmed to be emitted in the heat exchanger. 
The necessary shielding is then determined by comparing the gamma-ray flux 
(number of gammas/cm,2 day) with the tolerable flux at the position of the 
most sensitive members. While It is necessary, in this comparison, to take 
into account the self-shielding of the coolant this has not been done in 
the following. Hence, the gamma-ray fluxes stated are overestimates, the 
degree of overestimation increasing with decreasing gamma-ray energy, 

A further effect is due to the absorption of gamma rays in air. 
While this effect is not Important at short distances it may be very 
important when the sensitive member is placed at a greater distance from 
the coolant, as in the tug-tow combination, especially for low-energy 
gamma rays. Again, such effects have been neglected, the fliixes have bee^ 
computed on the basis of an inverse square law of attenuation. 
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For the purpose of estimating the shielding requirement, it should 
be recalled that for gamma rays of 2 Mev. energy an integrated flux of 
109/cm.2 corresponds to one r. The corresponding one r fluxes for gamma 
rays of different energies depend on the energy. However, in the region 
around 2 Mev. the r vs. flux curve is fairly independent of the gamma-ray 
energy. For much lower energies, -̂̂  0.1 Mev., the flux corresponding to 
one r is probably less than 109/cm.2, but the increased self-shielding of 
the coolant and attenuation in the air more than compensate for this in
crease in gamma-ray effectiveness. 

The data, on the basis of nhich the coolaat activities have been 
estimated, were obtained from various sources (l), (2), (3)y (^). 

A. Radioactivity of the Coolant Pro|>er. 

Two types of coolants have been considered for closed-cycle power 
plants — gases and liq\iid metals. Of the gases, helixmi has received 
most attention; hydrogen has been mentioned from time to time. Helixm 
has a negligible neutron-abosrption cross section resulting, as far as is 
known, in no gamma-emitting radioactivity. Neutron capture by hydrogen 
leads to a beta-emitting radioactivity only, 

A number of liquid metals have been considered. Of these, liquid 
bismuth and lead appear most favorable from the point of view of the in
duced radioactivity. However, in certain instances, other metals like 
tin, magnesium and sodium may not be out of the picture. Table 1 sum
marizes the estimates of the indizced gamma radioactivity of the above-
mentioned liquid metals. 

For the thermal pile, it has been assumed that all of the coolant 
activity is due to thermal neutron activation, at an average flux of 
2,k X 10-̂ ^ /cm,2, sec. The fast-pile figures assume an average flux of 
8 X 10-̂ 5 /cm.2, sec. of neutrons of fission energy. Actually, the thermal 
pile neutrons will also have a fast component, the strength of whicli will 
depend on the type of pilej in some thermal piles the fast flux joay be 
aalL^r^O.l of the thermal flux, -while in others it may be approximately 
eqtial in magnitude. In fast piles, the average neutron energy is proba
bly somewhat less than the fission neutron energyi however, for activi
ties resulting from ( "n, V ) reactions the results will not be too 
dependent on the assumption of fission energy, since the fission and the 
radiative capture cross sections have a similaar energy dependence* 
Charged-particle reactions — (n, p) and ("n, <̂  ) —- willy however, proba
bly be considerably less than indicated in Table 1. 

For comparison, the total number of gamma rays emitted from u235 
fission in the reactors in one day, and the corresponding fluxes, are 
shown in the last row of Table 1, 

It is evident that the radioactivity from pure bisanith or lead is 
quite small. In the case of bismuth, the gamma activities arising from. 
three sources have been considered: 

ED 
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1. Each polonium disrtntegration is accompanied by 2 x 10~5 gamma 
r^s, energy 0,8 Mev. (5)p The radiation arising from this source 
is far below the dangerous level. 

2. Radium B emltts only beta rays (6). A rou^ estimate (good 
only to within a factor' of 10) of the amount of beta-ray energy con
verted to electromagnetic radiation (brehmstrahlung) yields the figures 
given in the second row of' Table 1. Kie nxudtjers stated are at total 
energy rather than number of gamma rays, since the brehmBtrahlung 
spectriim is not well enough known, and its computation would be unjus
tifiably lengthy. However, most of the energy comes off in the form 
of hard x-rays or soft gamma rays, and the self-absorption of the 
coolant for these radiations will be very great, 

3. The gamma rays (O.l6/disintegration) from actinium C (Table 1, 
row 3); arise out of a secondary reaction in which neutrons are 
captured by the RaE nuclei which were originally produced from 
neutron captures by Bi nuclei. Nothing is known about this second
ary reaction, except that it does not lead to an observable decrease 
of the Hanford polonium production. This last fact was used to 
estimate an upper limit for the AcC gamma radiation, by assuming that 
in the Hanford flux as many î aE nuclei' capture nfeutrons as decay. 
This leads to an upper limit of ^-^XO^ bams for the RaE (n, y ) 
cross section; the actual cross section might easily be a number of 
factors of 10 smaller. 

The use of Bl as a pile coolant introduces a serious handling prob
lem, since an appreciable amount of Po will be produced in the coolant. 
Table 2 summarizes the data on the Po activity in the coolant Bi after 
one day's operation for the two piles \mder consideration. 

Because of the shortness of the irradiation time compared to the 
SsEand the Po lifetimes, the Po activity right after shutdown is 
relatively small. It grows, paralleling the RaE decay, with a half+«life 
of 5 days towards the maximum values indicated in columns 3 ^^ ^' The 
TnftxlTmjm specific activities are smaller than those produced at Hanford 
and handled at Dayton, 0n the other hand, Hanford irradiates solid Bi; 
the fact that the pile coolant is liquid will introduce other types of 
handling problems. 

Referring to Table 1, it can be seen that Pb is ideal for a thermal 
pile, since there are no known gamma radioactivities resulting from ther
mal neutron capture. For fast neutrons, there is only the possibility 
of exciting Fh^O^ Since no data exist on the cross section of this 
reaction, an upper limit of the activation was obtained on the assumption 
of 1 barn for the fission neutron excitation cross section. This cross 
section could easily be an overestimate by a factor 10. Furthennore, the 
reaction in question has a threshold of 0.9 Mev. Hence, a large fraction 
of the pile neutrons will not have sufficient energy for the rejiction. 

H.-i-Vi 
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and the "effective" cross sectiop, will be considerably less (factor 10-100) 
than the actual cross section. 

The other liquid metals shown in Table 1 are all less favorable than 
Bi and Pb,- from the radioactivity point of view. If used in a manned air
craft, the heat exchanger will require additional shielding (which might, 
of course, be put around the sensitive member). For the tiig-tow aircraft, 
they seem to be nexginal. 

B. Radioactivity of Coolant Impurities. 

The precedin.g section has ccmsidered the gamma activity due to the 
coolant proper. It may be seen from Table 1 that the radioactivity Of 
pure Bi or Pb is small; other liquid metals involve appreciably greater 
gamma activity. Likewise, for He or H gas used in a closed cycle,̂  no 
gamma radiations arise out of neutron capt-ure in the coolant proper. Thus, 
if these coolants (Bi, Pb, He, H) could be obtained absolutely pure they 
would be ideally suited for a closed-cycle power plant. 

The problem, then,- is one of minimizing the impurities contained in 
the coolant material. In estimating the radioactivity resulting from: 
various possible impurities we have limited the discussion to Bi and He. 

The most common impurities in the commercial grade bismuth used in 
the pharmaceutical industry are summarized in the first 3 columns Of 
Table 3 (7). 

In preparing the bismuth for irradiation at Hanford,. the commercial 
grade material is put through an additional step of refining,, in order 
to reduce the silver and copper impurities. This last step reduces the 
Ag impurity to about 0,1 p.p.m. (at an additional cost of only 2.5 cents 
per lb, above the price of $2.00 per lb, of commercial Bi) (7). 

Table 3 summarizes the gamma radiations resulting from Bi containing 
the listed impurities for the two (thermal and fast) closed-cycle re
actors discussed in the previous section. The impurities corresponding 
to commercial-grade Bi rather than those corresponding to the pr^^um 
grafle are assumed in Table 3, This makes a difference of a factor 40 for 
the Ag activity. Table 3 being on the pessimistic side. However, the 
observed radioactivity of the Bi irradiated at Hanford (7) indicates an 
activity, presumably due to Ag, greater by a factor --^ 30 than would be 
predicted on the basis of Seren's activation cross sections and a 0,1 
p.p.m. impurity. Therefore, to compensate for this discrepancy (due 
either to Seren's activation cross section being too small or to other 
unknown Ag activities or to the premium grade's containing more Ag 
inrpurity than the stated 0.1 p,p,m,) we have computed Table 3 on the 
basis of commercial-grade bismuth. 

Also included in Table 3 is an estimate of the gamma activity re-
srilting from He containing an 0,01^ argon impurity. The He has been 
assumed to be at 1000 psia pressure and a temperature of l800°F (lOOOOC). 
The standard thermal reactor has been assumed in this case. There are no 

h-
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data available on the fast neutron radiative capture cross section of 
argon. 

It is evident from Table 3 that the impurity activities are negli
gible at a distance of 1000 meters (tû g'-tow). At the 10-meter distance 
(manned airplane), the only impurities which present a serious problem 
are Ag and Cu. In the former, the culprit is the 22-second (Ag-̂ -*-̂ ) ac
tivity; there are no data on either the energy or the number per disinter, 
gratltm of the gamma rays resulting from this activity, and the value 
quoted may be an overestimate by a fairly large factor. Fortunately,^ 
both the Ag and the Cu impurities are substantially reduced by the fur
ther purification involved in going from connaercial to premium-grade 
bismuth. 

C, Radioactivity from Coolant Tubes, 

It is expected that liquid bismuth can be circulated at a high 
temperature (1000*̂ 0) through stainless steel tubing. Hence, it is reason
able to asstmie that the tube walls in our reactors will be stainless 
steel. Another source of coolant radioactivity will res-ult frcaa radio
active tube wall nuclei (Fe, Cr, Ni) which get into the coolant for any 
me of the reasons previously mentioned^ We consider these sources 
separately. 

1, Recoils due to fast neutron scattering. An iron,- chromium, or 
nickel nucleus can, as a result of a collision with a fast neutron, re
ceive slightly less than 10^ of the neutron's kinetic enefrgŷ  One-
fourth of those nuclei (in a layer on the tube surface equal in thickness 
to their range) which are so piropelled will get into the coolant. This 
effect is, cleprly, most important in a fast reactor. 

In estimating the range of recoil nuclei in steel WB have made use 
of a theory due to S. Siegel (via H, Soodak), Using the most opti
mistic assu^tions, we arrived at a range of 10'"5 cm. as an upper limit. 
For our fast reactor, this range coupled with a scattering cross section 
of '^^ 1 bam leads to the emergence of'-^2 x 109 recoils/sec. cm.^ into 
the coolant. The X/k in, tube diameter and free-flow ratio of O.16 
correspond, in^a 2 ft. square cylinder, to a total tube area of 
1.8 X 105 cm. Hence, ̂ -̂̂ 3 x 10*3 gm. of tube material recoil into the 
coolant during one day's operation at full power. Since our system: 
ctmtains ̂ -^3 tons of Bl, the tube material impurity due to recoils a-
iMJUnts, after ooB day, to only 10-3 p.p.m. This figure is negligible 
coiHpared either to the original coolant iiapiirltles or to the tube ma«-
terlals vhlch dissolve into the coolant (next section). 

The recoils due to neutron capture lead to numbers considerably 
less than the above, as may be seen from the following argument. Fast 
neutron capture is small compared to scattering. The thermal neutron 
capture cross sections of the tube nuclei are of the same order of magni
tude as the fast neutron scattering cross sections. The recoil, due to 
thermal neutron capt-ure, balances the momenta of the emitted gamma rays, 
•which are very small* Hence, the range of these recoil nuclei will be 
much smaller than the range of the recoil nuclei due to fast neutron 
scattering. 

U- ?.-*»<. 
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2. Dissolving of the tube wall by the coolant. The solubility of 
iron in liqiiid bismuth at elevated temperatures (1600*̂ 0) is reported to 
be k p.p.m. This is of the same order as the Fe iâ purity present in com
mercial-grade Bi -which, according to Table 3, leads to a negligible 
coolant activity. 

There is no information available on the solubilities of Cr and Ni 
(also contained in stainless steel) in bismuth. Attached to the end of 
Table 3 are figures for the activities resTilting from a 10 p.p.m. im
purity of each of the three elements making up stainless steel. It may 
be seen that Ni is potentially the worst offender. 

3' Corrosion and erosion of the tube wall. Another source of cool
ant activity restilts from corrosion or erosion of the tube walls by the 
coolant. From the ntiabers in Table 3 it is evident that for the manned 
plane and a thermal reactor a concentration of 10 p,p,m. of Ni in the 
coolant Bi resxilts in a^-^l r dose%t the position of the asan (10 meters); 
for the tugj-tow combination, the allowed 1 r concentration is greater by 
a factor>10^. 

It should be noted that the preceding discussion has been based on 
the assuurption that the impurities remain in the coolant and are not de
posited in the heat exchanger. For those impurities originally present 
in the coolant, deposition in the heat exchanger will reduce the radio
activity, since the deposited nuclei are no longer available for neutron 
capture. For the tiibe-wall materials dissolving into the coolant, how
ever, deposition in the heat exchanger will allow freshly irradiated 
material to dissolve into the coolant and, hence, increase the radiation, 
(It is assumed that the tube materials will continuously maintain the 
coolant impurity at a saturation value*) 

Assuming that̂ -̂̂ 1 r is the maximum allowable dose from the coolant 
radioactivity, it is possible to estimate the maximum total asKJunt of 
tube material that can be allowed into the coolant from all three of the 
above-mentioned sources. We distinguish three possibilities: 

(a) The tube materials dissolve and immediately saturate 
the coolant; during the rest of the day's operation, no more 
tube materials get into the coolant, and the material already 
there continues to circulate through the reactor. Table k shows 
the maximum allowable concentrations and the corresponding total 
aamunts of the tube-wall elements ccmtained in the Bi, assuming 
a i r dosage and the radiations shown in Table 3. Clearly, Ni 
is the most critical of the three elements and its possible solu
bility presents a serious problem only for the manned plane. 

(b) The tube materials dissolve and immediately saturate the 
coolant; during the first passage throtigh the colder heat ex
changer the tube materials are deposited and thereafter remain 
in the heat exchanger, where the radioactive nuclei decay. Since 
we have assumed 10 times as amch Bi in the entire system as is in 
the reactor at any time, the dissolved tube materials have, in 

*per day 
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this case, been subject to an average flux 10 times as great as 
in case (a). Hence, for the same Irradiation time, their specific 
activity will be 10 times greater than for case (a). However, 
case (b) assumes that the tube materials remain in the reactor 
(where they are effectively shielded) until dissolved; on the 
ave3ra.ge, then, they spend only half of the day in the heat ex
changer. Hence, they axe cmly 5 times as effective as the nu
clei considered in case (a). The maximiim allowable solubilities 
for this case are, then, I/5 as large as those given in Table k 
(or 2 p.p.m. for Ni and 10 p.p.m. for Cr). 

(c) The tube materials come off because of corrosion or ero
sion by the liquid Bi. In this case it is essentially immaterl-
airwhether the tube materials (which will probably be in the form 
of small particles and, hence, not limited in their concentra
tion in the coolant) stay in the coolant or are deposited in the 
heat exchanger, since the most effective neutron irradiation 
will take place during the time -when they are still on the tube 
walls. Hence, the maximum allowable tube wall loss will, in 
this case, be the same as in case (b). 

Since the tube material in the coolant as a result of 
corrosion or erosion will probably be of the same chemical con
stitution as the tube walls themselves, the total allowable 
corrosion or erosion depends on the type of stainless steel used 
for the tube walls. Asŝ 3ming I8-8 stainless, the Ni (8^) is the 
limiting factor. Reducing the numbers in Table k by the factor 
5 -we see that, for the manned plane, 2 p.p.m. Ni is allowable in 
a thermal reactor and 20 p.p.m. in a fast reactpr. (The tug-tow 
allows > 10^ times as much.) These figures correspond to 70 and 
700 grama of steel, respectively, for the allowable corrosion 
and erosion of the tube walls in a thermal and fast reactor in 
the manned aircraft. The results, for case (c) are summarized 
in Table 5. 

D, Fission-Product Activity. 

Soodak (LP-I26) has considered the effect of fission-product escape 
for various aircraft types and cycles. He has concluded that the re
strictions on the amount of fission products that can be allowed to pene
trate the fuel coatings or tube walls are considerably more stringent 
for closed-cjrcle than for open-cycle systems in a manned aircraft. This 
conclusion arises, essentially, from the fact that most of the fission 
products are relatively long-lived and hence if they escape into an 
open-cycle wake they will be far from the aircraft before they decay, 
libiXe if they remain in the closed-cycle coolant their eventual decay 
will take place much closer to the sensitive component. 

•, s -vs 
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Table 1 

Gaawa Rays From Possible Closed-Cycle Coolants 

Coolant 

Bi 

Fb 

Sn 

Mg 

Na 

Reaction 

(n, /)RaS*Po 

inrr) 
RaE (n, /) 

(n, n) 

Snl2'̂ (n, Y ) 

Snl̂ 2(n, Y ) 

Mg26(n, r ) 

Mg2^(ix, p) 

Mg25(n, p) 

U. r) 

(n,c^) 

Radipactivity 

Po 

RaE 

AcG 

p,20l.* 

Snl25 

Snl23 , 

Mg27 

m^^ 

Na2fc 

1..2'. 

P̂ O 

Half-Life ĵ̂ Energy Mev. 

lUo days 0.8 

5 days brehmstrahlung 

2.16 rain 

68 mln 

10 mln 

10 days 

10 mln 

11̂ ,8 hr 

58 sec 

Xk.Q hr 

12 sec 

0.35 

0.9 

0.7^ 

? 

1,05 
0.8l̂  
0.6k 
2,76 
1.38 
1.0 

2,76 
1.38 

2.2 

fission 1-5 
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Cool- _ 
an t 1 

Bi 6 

G 

T o t a l 
bhermal 

x l o l l 

Table 1 

anraia Rays From P o s s i b l e Closed-Cycle 

Tf's/day 
f a s t 

7 

2 X 10-'-'''Mev. 2 

<3 x l O ^ S 

Pb none 

Sn 8 

7 

Mg < 2 
<3 

Na 3 
3 

— 

x l 0 2 0 

x l o l S 

x l 0 2 0 

none 
none 

none 

X 10^^ 

none 

<^102^ 

< 9 

< 1 
< 1 

3 
3 

k 

6 
6 

2 

X 

X 

? 

X 

? 

? 

X 

X 

X 

X 

X 

X 

X 

X 

^ • ^ - > 

10^2 

lO-'-^e-s 

1020 

10^° 

1020 
1020 

lol9 

10^9 
1019 

1020 

•102^ 

K -Flux (x 10 ' 
10 meters 

thermal f a s t 

5 X 10"5 6 X 10-^ 

20 Mev. 200 Mev. 

<200 

none 

6 x 1 0 ^ 

500 

<1 X lo j 
< 2 X 10^ 

none 
none 

none 

3 X 105 
3 X 105 

none 

^ 1 0 ^ 

< 7 

<5 
^ 1 

2 
2 

3 

5 
5 

2 

? 

xio"* 

? 

? 

X 103 
X 10^ 

X 10^ 
X 10^ 

X 103 

X i o 3 
X 103 

x l O ^ 

^ 1 0 ^ 

Coolants 

•^ p e r cm2, 
1000 

thermal 

5 X 10-9 

day 
meters 

f a s t 

6 X 10-8 

, .002 Mev. ,02 Mev 

< ,02 

none 

6 

,05 

< 1 
< 2 

none 
none 

none 

30 
30 

none 

^ 1 0 ^ 

? 

<T 

? 

? 

<.5 
< 1 

2 
2 

.3 

.5 

.5 

2 

- 1 0 ^ 

v\ . ^ - ^ H 
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Reactor 

Table 2 

Po Activity in the Bi Coolant 

Total Activity Maximum Total 
at Shutdown Actjivity 

Mn.ylTnuB Specific 
Activity 

Thermal 

Fast 

Hanford 

Curies 

26 

220 

-— 

Curies 

400 

31̂ 00 

^-, 

Curifes/cm,3 

X.k X 10-3 

1.2 X 10"^ 

^--0,1 

Curies/lb 

0,066 

0,56 

^ 5 

\i^. s-\i 
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Table 5 

Gamma Raya From Closed-Cycle 

Coolant Imparities 

Note: The las t three entr ies in the tab le (10 p,p,m, Fe, Cr and Ni) 
are included to show the effect of s t e e l tubing materials which 
get into the coolant (sect ion C), 

v i . ^ - ' H 
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Table 3 
I 

Gmrmin Rays from Closed-Cycle Coolant l i gpu r i t i e s 

Coolant 

Bi 

He, 1000 psia 
. 180Q^ 
» • * • • • • • • • • • • • • 

Impurity 

Ag 

Pb 

As 

Cd 

B 

Fe 

Cu 

Sb 

A 

Fe 

Cr 

Ni 

Concei^tration 

k 

1 

1 

2 

2 

1 

5 

10 

1 

3 

1 

1 

100 

10 

10 

10 

Half-Life 

22 sec 

225 day 

68 mln 

26.8 hr 

none 

none 

k6.3 day 
k yr 

12.8 hr 

5 min 

60 day 

2.8 day 

110 m 

k6.3 day 

k yr 

26.5 day 

2.6 hr 

If̂ En.ergy 
• Mev. 

7 

X.k 
.9 
.66 

.9 

1.75 
1.20 
.55 

-

-

1.2 

.07 

1.35 
1,2 

1.32 

2.3 
1.7 

.6 

.57 
1.3 

1.2 

.07 

.32 

.93^ 

.65 

.28 J 

\ H . ^ -«H 
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Table 3 

GpHiwia, Rays from Closed-Cycle Coolant I m p u r i t i e s 

T o t a l y / d a y 
thermal f a s t 

18 <6 X 10' 

2 X XO^} 
1 X 10^^ 
1 X l o l ^ 

none 

3 X 10^5 
2 X 10l6 
8 X 10^6 

< 1 X lO^S 

l l 4 -
2 X 10 7 
8 X lolf 
7 X 10^^ 

< 9 X 10^^ 

1 X 10I5 
1 X 10^6 
3 X 10 16 

V - F l u x (x 10~9) pe r cm2, day 
10 meters 1000 meters 

thermal f a s t thermal f a s t 

< 5 0 0 < 9 0 <.05 < .009 

2 X 10-3 1 X 10-2 2 X 10-7 1 X 10-6 
9 X 10-3 6 X 10-2 9 X 10-7 6 X 10-6 
8 X 10-3 5 X 10-2 8 X 10-7 5 X 10-6 

none < 7 x 10*2 none < 7 x l O ' ^ 

.2 . 1 2 X 10-5 1 X 10-5 
2 , 8 2 X 10-J- 8 X 10-5 
6 2 6 X 10-^ 2 X 10-^ 

6 X 10I2 

6 X 10''' 

1̂ X 10I5 
1 X 10I6 
3 X 10̂ ''' 

3 X 10^^ 

< 5 X lO^f 
3 X lOlJ 
5 X lO-"-̂  

1+ X 10^6 

3 X 10^6 

1 X 10^3 

1 X 108 

3 X 10^5 

3 X 10I2 

3 X 10''' 

1 X 10^5 
5 X 10I5 
1 X lÔ 'f' 

1 X lO-'-''' 

<2 X 10I3 
7 X 10^^ 
1 X 10̂ 5 

k X 10̂ 6 

? 

5 X 10^2 

6 X 10''' 

1 X 10^^ 

5 X 10-^ 2 X 10-^ 5 X 10-8 2 X 10 

5 X 10-9 2 X 10-9 5 X 10-^3 2 X 10 

.3 
1 

20 

20 

, 1 3 X 10-5 1 X 10 
.k X X 10-^ k X 10 

9 2 X 10-3 9 X 10 

•8 

•13 

•5 

9 2 X 10*3 9 X 10' 

<k X 10-^ < 1 X 10-3<1+ X 10-8 <X X 10-
2 X 10-2 6 X 10-2 2 X 10-6 g x 10" 
it- X 10-2 . 1 4 X 10-6 1 X 10" 

3 

2 

3 X 10-^ 3 X 10" 

2 X 10-^ 7 

« o a o o o • 0 0 O Q t > O O 

1 X 10-3 k X 10-^ 1 X lO-'i' k X 10-

1 X 10-8 5 X ]_o-9 1 X 10-12 5 X 10" 

,2 ,008 2 X 10-5 8 X 10" 

8 

13 

7 

1 X 10 16 2 X 10 ,15 .1 1 X 10-^ 1 X 10-5 

yNCLASSIFIED 





Table k 

Maximum Allowable Solubilities of Tube-Wall Elements 

Case (a) 

Element Solubility (pop.m) Total Mass Dissolved (gm,) 

Manned 

Thermal Fast 

Ni 

Cr 

Fe 

10 

50 

10^ 

100 

1250 

2 ,5 X IG 

Tug-Tov 

Thermal Fast 

105 

10"-

lOt 

2.5 X 10' 8 

Manned 

Thermal 
I III 

30 

5 X 105 1.25 X lo''' XkO 

3 X 10' 

Fast 

300 

3500 

7 X 10^ 

Tug-Tow 

Thermal Fast 

3 X 105 

3 X 10 ,8 

3 X 10̂= 

1.1̂  X 10^ 3.5 X 10''' 

7 X 10' 8 

T 
H 
VJI 
-J 
^^ 



Table 5 

Maximum Allowable Corrosion and Erosion of Tube Walls 

Case (c) 

Reactor 

thermal 

fast 

Aircraft 

ma,mied 

tug-tow 

manned 

tug-tow 

Weight 

total (gm. 

70 

7 X 105 

700 

7 X 10^ 

of 

1 
Steel 

gm,/cm. 

k X 10-^ 

k 

k X 10-3 

ko 

Thickness of Wall 

cm. 

5 X 10"5 

.5 

5 X 10-^ 

5 

I 
H 
VJI 

-J 

H 
CX> 

I 


