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Ernest C, Anderson

ANIRODUCTION AND CONCLIBIONS
A super bomb is expected to release many more neutrons than an ordine

ary bomb, The ratio of the neutrons released may be 10,000 or more., Capture
of these neutrons in various substances will give rise to radiosctivities and
these activities will contaminate the atmosphere and the surface of the earth.
¥hat these contaminations are going to be can be influenced to a considerable
oxtent by selecting the materials that go into the construction of the super
btomb and by selecting the surrounding in which the super bomd is detonated,
In most contemplated detonations a considerable fraction of the neutrons will
be slowed down and eventually captured in the nitrogen of the atmospheare.
Such capture gives rise primarily to the long lived carbon 14 isotope. It

is probably possible to reduce other important radioactive contsminations
caused by the super bomb, In most applications, however, creation: of carbon
14 1s unavoidable,

It will be shown in the following that the activity of the carbon 14
will remain below the tolerance as long as the mmber of supers detonated re-
nmaing smaller thsm 1200, assuming the carbon 14 activity to be present in the
‘chemical species CO,. It will be shown that while other chemical forms are
posgible, 1t is unlikely that thsy will be more dangerous than CO,. Generation
of nuclear species in the atmosphere, other than carbon 14, will be shown not
to be a limiting factor,

Additional contamination will certainly arise dus to the fact that all
Uranium 235 (or Plutonium 249) found in the neighborhood of the super is likely
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to suffer fission due to the great sbundance of neutrons released by the super.
Some desig.nl of the super which are now contemplated will produce appreximately
40 times more fission fragments than a normsl atomic bomb, If this is the case,
then the mmber of supers which can be tolerated throughout the surface of the
earth will be 40 times less than the number of ordinary bombs dus to contamina-
tion by fission products., This latter fighre may put a sharper limisstion on
the mmber of supera which one can detonate than the limitation due to carbon 14,
EVALUATION OF C14 ACTIVITY AS COp

Ve shall arbitrarily define a super bomb as one which releases a thousand
times more energy than the more effective stock pils bombs, Thus, we shall
us‘m that the energy released is 4 x 107 tons of THT or 1.6 x 104 eTES,

The net reaction in the super is D ————p Hoy ¢ Bu3tllo 2n + 25 MeV,
Thus, we see that one neutron is released for every 12-1/2 million volts or for
every 2 x 10=5 ergs. The super therefore releases a total of 8 x 10°8 neutrons.
It is assumed that all these neutroms will give rise to the ¥,'" __5 ©Cy;

+ p. reaction., Thus we produce 1.33 x 10° gram atoms of Carbon 14,

It is mt;rutlng to compare this amount of Cerbon 14 with the estimated
total amount which is maintained by the cosmic radiation, This amount has been
computed (1) and 1t is estimated that two Carbon 14 atoms are prodused by the

(1) E. C. Anderson, Dissertation, University of Chicago, Department of
Chemistry, June 1949,

cosnic radiation per sguare centimeter and per second, Using for the half 1ife
of Carbon 1) 5,720 years, one obtains 5.26 x 1011 Carbon 14 atoms in equilibrimm
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per square centimeter of the earth's surface. The total mmber of "natural
Carbon 14" atoms throughout the earth!s surface is therefore 2.68 x 1030 .
We seo, therefore, that approximately 33,5 supers will produce as much Care
bon 14 as corresponds to the natural activity present on the sarth,
The figure of 33.5 supers is, of ocourse, in no direct relation to the
mmber of supers which will produce a tolerance dose of Carbon 1, becsuse
1, The quantity of "natural®™ radiocactive carbon is greatly below
tolerance and
2. The radioactive carbon produced by cosmic radiation is spparently
distributed in a uniform manner throughout the whole carbon invene
tory with which atmospheric carbon dioxide can exchange in times
short compared to geological periods. On the other hand, the care-
bon 14 produced by super bombs will remain concentrated for a oone
siderable length of time in a relatively small fraction of this care
bon inventory. It is worth while to give in this commection the

()
total carbon inventory .

Sarbon Inventory
—Souree Auount (g/ow®)
Qcean "carbonate® 7.25
Ocewan, dissolved organiec 0.59
Biosphere 0.35
, Ataosphere 0.12
TOTAL 8.2

To obtain the total inventory, multiply by 5.1 x 1018 the area of the earth
in es?, This gives us a predicted specifioc activity of natural radiocarbon
which 18 within 108 of the observed valus if we use Yuan and Ladenbtturg's data
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for the cosmic ray neutron intensity .

(2) Yuen, L., Phys. Rev, 74, 504 (1948)

Yuan, L., Bull, Am, Phys. Soc. 24, 9 (1949)

In order to obtain the total mmber of supers which will produoce a

tolerance dose of carbon 14, we shall assume

1,

3e

That the carbon 14 is rapidly distributed in the atmospbere but is
not further diluted by distribution in the oocean 4r in the blosphere.
This assumption may underestimate local carbon 14 concentrations in
the atmosphere for relatively short periods of time. On the other
hand, within a period of a year or two some of this carbon will surely
be distributed in the biosphere and in the ocean and therefore the
amount of carbon 14 in the atmosphere is on the whole likely to be
less than the amount to which our assumption will lesd us,

We asmume that the concentration of carbon 14 in ths human body is
the same as it is in the atmosphere. This asmumption of course is
in contradiction with the previous assumption that the carbon 14 ie
distributed in the atmosphere alone, It is clear however, that these
ocontradictory assumptions will lead to an over-estimate of carbonm 14
in the human body and therefore we shall err on the side of cautdon,
Since carbon 14 is an emitter of soft beta rediation, it is likely
to exsrcise a physiological effect only when it is incorporated in
the body.

Ve assume that the tolerance dose is reached when the carbon 14 in the body

relesses .3 rep per gram of body per week, This dose has been established as

the tolerance dose for both clinical workers and for people working on atomie

energy projects,
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One rep ooz:rupondo to 1.7 x 10*2 400 pairs per graa of tissus, A
dose of .3 rep per week corresponis to 8,4 x 10° ion pairs per gram and second.
A single bete digintegration of the darbon 14 (meximum energy equals 155 KeV)
gives rise to 2000 fon pairs, Thus, we can tolerste 4.2 x 10? disintegrations
per gram of tissue per gecond. The mmber of carbon 14 atoms per gram of tissue
which will produse’ such activity is 1,1 x 1014, The aversge smomnt of carbon
contained in tissus is 18%, The tissue most rich in carbon is fat, which cone
tains 70%. We shall demand not even fat (the tiseme richest in carbon and hence
subject to the grestest carbon 1, concentration) shall be exposed to more than
the clinieal tolerance of 0.3 rep per week, Onme thus finds that no tissue nay
conteimsmore than 3.5 x 10?2 normal carbon atoms per cubic centimeter, The
tolerance dose will not be exceeded if the ratio of carbon 14 ntaﬁ to normal
carbon atoms remains smaller than 3.1 x 10~9, Ve can, therefore, tolerate in
the atmosphere 1,02 x 1032 carbon 14 atoms. Since a super produces 8 x 102°
carbon 14 atoms, a total of 1200 super bombe can be tolerated,

¥hile natural carbon 14 is apparently confined to CO, and carbtonates in
the inorganic world and enters the biosphere only by photosynthetic and meta-
bolic processes, there is a profound difference between "natural™ carbom 14
and the materiel produced by a "super®; namely the average natural carbon 14
atom 1s some 8000 years old and has had ample time to sxperience all possible
chemical reactions with its enviromment, In the case of the newly formed "super®
carbon 14, howsver, it is possible that an appreciable amount of the activity
night be found in less stable chemical species with other and more effective
paths of entering living matter. We shall consider the other chemical species
which are thermodynamically capable of formation from the carbon 14 atoms re-
acting with the atmosphere, (Since the carbon 14 is present originally as iece
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lated atoms, we sust oonsider the free energy of formation of the various

chemical species from gasecus carbon, In effect, therefore, the negative

free energy of sublimetion of carbon is added to the free energy of formation
and some thermodynamically unstable species can be formed, It should be noted
that the original carbon 14 is produced with a considerable kinetic energy so
that it can overcome any chemical potential barriers. Also, becsuse of the

"tracer” concentration of the carbon 14, most of the reactions must be cone
sidered as resulting in the formation of free radicals (such as O or N) whome
later reactions do not affect the primary reaction,) Experiments are planned
at this laboratory to determine the actual chemical species in which activity

. is found after the irradiation of air with neutrons of the appropriate energies,

Carbon_Nonoxide: A
1. c(g) + §2(g) —» CO(g) + O(g) AY® = -165,415 cal/mole (296°K.)
2, cofg) + 0,(g) ~p CO5(g) + O(g) - 6,415
3. ¢(g) + 02(g) —> COx(g) -281,880
4. CO5(g) — CO(g) + 0(g) +116,465
We note that:

b,

Co

CO will very probably form acoording to equation 1,

It is unlikely that amy CO, will form directly by equation 3. (unless
a third body is present in the collision) since the CO, would be left
excited by an amount more than encugh to cause dissociation acocording
to equation 4, .

The CO can eventually be oxidised to CO; according to equation 2,

VWe may therefore expect to find a certain fraction of the carbon 14 ase-

tivity present as CO immediately after the detonation., Has this carbon monoxide

any specific entry into the animal body and will this result in a further liml-

tation in the possible mmber of supers?
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The specific emtry of 60 ie of course into the blood stream through
the formation of cuhoxyhmg}oun. Ve shall show that the absorption of
CO by this mechanism is completely negligible,

Tt hes boss shoen | that the ratio of oaboryhamegisiis (I00) 4o

(3) Wintrobe, M.M,, Clinical Bematology, 2nd Ed., P, 112

oxyhemoglotdn (HbO,) in the blood is given hy

-

where (CO) and (0y) are the respective concentrations of these species in
the inspired air, In other words, CO is competing with, and hence diluted ty,
the O, of the atmosphere. Since the 0, is present at 700 times the concentra=
tion of COy in the air, the resultant effective "specific activity® would be
less by a factor of 3.3 for the CO than for CO,. In the case of CO one carbon
14 enters a molecule of molecular weight 16,000 and, if one wishes to consider
radiation damage to blood cells, another dilutdon fastor of 3.4 x 1074 (the
concentration of hemoglobdn in blood cells) enters,

If all the carbon 14 produced by one super forms CO, is diluted in the
atmosphere and comes to equilibrium with hemoglobin one finds:

2.7 x 107 %
grams of

This oompares with the tolerance dose:

£
grams of tissue

Thus the assumption of carbon monoxide formation would permit the deton-
ation of a much larger mmber of supers without poisoning the atmosphsre, In



the long rvn the CO will be oconverted to CO, and the calculations of the pre-
vious section will apply.

CH gand Related Speclegs
5. CH) + L,(g) —p CN(g) + N(g) AP = - 9,79
6. CN(g) + Ox(g) —p €0,(g) + X(g) =110,090

7.0 CR(g) + B,0(g) —> ECNO(g) + K(g)
b BW(g) + B,0(g) > co, (g) + Miy(g) j

8, cu(g) + B0(g) —» ECN(g) + OE(g) »360

From these squations we msy concludes o

a. CN can bs formed according to equation 5. (Ite polymerisation to the
usugl C,E, is very improbable beeause of the extremely low concen-
tration,)

b, The oxidstion and hydrolysis will undoubtedly comvert CN to other
species as indicated in equations 6, 7 and 8, Equations 6 end 7

o22.634

return the activity to carbon dioxide, so that only equation 8 gives
us a new speciess ICN, It is clear that only a fraction of the total

activity will reach thie species. ‘
Unfortunately no quantitative data afe avaiable on the metabolism of HCN,

It is certain, however, that most of the cyanide is converted te thiocyanate,

(4)
which is distribtuted and excreted similarly to the halogens so that no ase-

Z
(4) Goodwan and Gilmen, The Pharmacological Besis of Therspeutics, P, 699

a=mlation in the body is to be expected, It is unlihaly that the presence

of CN will lead to a sharper limitation on the permissitle mmber of supers .
t:lxnn carbon dioxide. This is only a probability and not a certainty. Chemical
and biological experiments are plamned to determine the exact fate of the carbon

4.
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mu.m,thmmmmnonmrmormum.mw
awormmiwmmmmmmmmmmmm
of fission products. This is due, in pert, to the conservative assmptions
that have been made and to an even greater extent it is Gue to the faot that
the behaviour of carbon, which is one of the most common elements in the tloe
sphere, is much better kmown and understood than the tdological behgvicur of
the mmerous fission produsts. For the latter, the possibility of concentra-
tion chaing existe and these may give rise to unexpected poisoning effects.
QIREE_RADIQICTIVE FRODICIS

nwﬂ-wtujoﬂty‘ofthcnmnuammmmt
in the production of carbon 14, J_pmd.u.mmur other radiosctive species
ney also fggm, Fast neutrons on ¥el, can give rise to B-3 (tritimm) and this '
species night also arise from the super reaction itself. On the basis of the
mn-mﬂ.onua_:mdlvl:mwubws tritivm production from mitrogen 14

(’) Cornog and Libhy, Phys, Rev, 59, 1046 (1941)

is not likely to be more than 1§ of the carbon 14 production, whils production
fyom the super can be no wore than 1% of the amowunt of unreacted deuterimm,
The energy of the tritium beta is only 1/10 that of the cerbon 1 bets, tut
thnhalflifouﬂJOtinllmslvinxneomtponﬂngwuﬂucPM.ﬁe
activity, The maximm effect from tritium is therefore nearly the same as that
from carbon 14, assuming the seme dilution, However, the conocsntration of water
vapor in the atmosphere is at least 3 times the amowunt of COp and is probably
such more,  Also repid dilution by the water of rivers and oceans is to be
expected, Therefore, the formation of tritium is not likely to cmuse a sig-
nificant limitation in the mmber of supers,
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A survey has boen made of ojer activities likely to be prodwsed hy
thrltofnnmm‘thecm. Table I mmmarises the results of
these caloulations, Colum 4 gives the mmber o_f atoms of a given species
produced relstive to carbon 14 produstion, Column 5 gives the initisl soe
tivity of the species relatiye to the initial carbon 14 activity, and
M‘Gdﬂlﬂ.nhﬁpwﬁﬁw.ﬂchdm. It will be noted
that elthough the initial activity of some species is very high, tl;i.- is
due entirely t their very short half lives and that after two days all
Moqﬁﬁmﬂnhmhtﬂlﬁutﬂonofﬂnurbauw
tivity. Furthermbre, the long lived asctivities are all due to rare gas
isotopes whieh cerinot be concentrated in the body.

The fast nstitrons from the super may give rise to activities whieh
as yot have not been discovered., Such activities are likely to have short
lives, A sediol Yor such additional activities would seem to be indicated,

There remain to be congidersd only the activities produced froa the
materials of bomb construcgion, finy fissionable material will underge es-
sentially 1008 fission because of the tremendous burst of neutrons from a
super, The quantity of fission products can therefore be expected to be -
about 40 times thit from en ordinary fission bomd acoording to present es=
timates of design, which assume 80 kg of fissionable materisl in the fission
bomb used to imitiate the reaction of the super. If the tolerance of normal
fission bombs wers kmown, a factor of 40 below this would seem a Feasonshle
estimate of the limitation on the mmber of sypetes This limit might be
lower than the one derived on the basis of the carbon 14 hasard, It should
be notnd furthermore that the amount of active material needed for the deton-
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ation of a super 1s at the present stage necessarily a orwis guess,

Activation of structtral or tamper materials used in the bopb con-
struction wust also be considered, Jiowever, it wuld esem that & suffi-
clent mmber of commcn elemeuts with low cross sections and/er short lived
active products ars available so that any danger from this source eould be
easily svoided, '
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Lbdive Ralf Iafe Radiation Relative Initial ActAvity
_Maplide Erofuction | Activity | After 2 Deva
Cald 5700 y b” 0.150 1.00 1,00 1.00
B-26 8e b~ 3.5,10 4.5x10°% | 1000 - 0
(4 605
019 ns b 41 7.0x10%¢ | 22 z10° 0
g 1.6 :
Py 110 » b 18 872102 | 227 x10° 0.013
g 13
B9 34 b v 0.9,06 6.8 x 1090 | 1,0 x120" 3.8 x 10™%
s ‘
K85 46h b” 1.0 42 x 1078 0445 3.3 x 107
g 0.17,0.37 -
B85 10y > 0.74 2,7x10% | 1.5x10"% 1.5 x 105
Er-87 7% n b 4 7.8 x 107 0.3 1.1 x 104
Te-133 - 5.3 d W= o.a’ 3.0x10% | 1.2 x10"9 9.2 x 10~%
g 0. :
To-135 9.2 h b g.gg 1.2x107 | 6.5x10°3 1.8 x 10~
[ 4 »
Co-LIM Ny b 8.§ 7.8 x 1000 | 1.3 x 107 1.3 x 2077
e e

~ Relative

# By Beta decsy from Xe«lY7,
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