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Lexington Project Report #126 

Title; A Radiation Study of the Tractor-Trailer (Tug-Tow) Craft 
Source: Harry Soodak 
Date: September l6, 19̂ +3 
Place: Lexington 

INTRODUCTION* 

A comparison of the tractor-trailer or tug-tow craft (TT) with the 
manned crai't (M) from the point of view of radiation hazards shows two 
advantages of the tractor-trailer craft and one disadvantage. 

The main advantage of the TT craft lies in the saving of shield 
weight. In the M craft where the pilots can be at most about 10 meters 
removed from the reactor, shield attenuations of the .order of 10'̂ *5 are 
required to keep the dose down to 1 Roentgen per hour. In the TT craft 
where the pilots can be about 1,000 meters from the reactor, the necessary 
attenuations are the order of 10^°5 and become smaller for increasing 
distances of the pilot from the reactor. With these lower attenuations 
the thickness of the shield can be halved and the weight of the shield can 
be better than halved. Furthermore, there is the possibility of ̂obtaining 
attenuations of lo3«5 by means of super-light-weight shields,̂ tC' 

The second advantage of the TT craft exists in the case of a closed-
cycle power plant. For equal radioactivities of the coolant stream, the 
pilot 1,000 meters removed is better off than the pilot only 10 meters 
removed. Thus, if a closed cycle is used, the TI craft allows a greater 
margin of safety In fission product leakage and in direct coolant activa
tion, by a factor of ̂ .̂/10̂ „ 

The only clear disadvantage of the TT craft arises as paytaent for the 
saving in shield weight. Although the pilot at 1,000 meters is ssife, the 
power plane and its vicinity will be inaccessible, leading to operational 
difficulties and hazards on the ground and close-to-ground hazards which 
are absent in the M craft. 

The comparison of doses received due to the radioactivity of the wake 
in an open-cycle system is somewhat unclear and favors neither type craft 
over the other. A comparison of open-cycle versus closed-cycle operation 

*In the case of nuclear-powered submarines, the idea of a towed craft has 
been fjrequently discussed (e.g., H. G. Rickover, Clinton pile technology 
lecture # 29 "Naval Desi^", p 21), but appears unnecessary. Early support 
for the towed arrangement in the case of airplanes was made by Wigner to 
Untermyer at Oak Ridge about a year and a half ago. 

•5̂-*This possibility has not been closely studied due to lack of time. 
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of the TO? craft shows that the closed cycle allows a greater margin of 
safety (by a factor of/—'10) for immediate fission-product leakage through 
holes. The open cycle allows the greater margin (again by a factor of ̂'̂ -'10) 
for a slow steady leakage of fission products, such as a diffusion process. 
In the M craft, the open cycle is more advantageous, by a factor of̂ -̂'103 
for leakage through holes and a factor of-—'105 for leakage by diffusion. 

SUMMARY OF RESULTS 

1. Neutron Attenuation Required 

Of the various radiations accompanying neutron escape (such as the 
fast neutrons of energy greater than .1 Mev. (million electron volts), the 
slower neutrons, the gamma rays and the beta rays resulting from neutrons 
captured in air), the fast neutrons are by far the largest factor to be 
considered in shielding. The fast neutron dose therefore determines the 
required neutron attenuation. 

Table I gives the doses received at various altitudes and at various 
distances from a source of 3 x 10-'-" fission neutrons per second. This 
soTorce corresponds to a completely unshielded reactor operationg at 100,000 
kilowatts, devoid even of self-shielding. 

The numbers given can not be relied on too accurately because of 
theoretical uncertainties and lack of experimental knowledge. The possl-
bil6 error of these numbers can be given in the following manner. The dose 
received at a given distance in air of density p might be in error by an 
amount corresponding to a change of density by a factor of about 2. 

For example, the dose received at 200 meters at an altitude of 39^000, 
ft. is given as 6.1 x 10^ Roentgens per hour and should lie between 8 x 10^ 
and Jj- X 10^. 

It is seen that the dose received at 10 meters from the source is 
1.5 X 10' R per hr. If this dose is to be reduced to 1 R per hr., the 
attenuation due to the shield and the reactor itself must total 10'*^. 
At a distance of 1000 meters, however, the dose received is ̂ -̂ 3 x 10^ R 
I>er hr. and is practically independent of altitude for altitudes 20,000 ft. 
and up. The total shielding in this case must produce an attentiation of 
only 10-̂ °-'. At a distance greater than 1000 meters, the slowing down and 
the real absorption of fast neutrons by air begin to show. Thus at 2000 
meters, it is definitely advantageous to fly at lower altitudes -where the 
air is more dense. The attenuations required at 2000 meters are 10 , 
10^"°, and 103'0 for altitudes of 21,000, 39,000, and 59,000 ft. 

The^tolerance of the payload is estimated (special memo by Nordheim)^ 
to be 10 fast neutrons per sq. cm, per sec. or 6 x 103 Roentgens per hour. 
The payload can therefore be carried safely on the trailer plane where the 
neutron dose is only ̂ ^ 1 R per hr. To carry the payload safely on the 
power plane, at a distance of 10 meters from the reactor, requires an 
attenuation of lO^-S, 

* LP # 173 ifili 
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The tolerance of radio and control instrumentation is estimated 
(Nordheim LP-I51) to be about 2 x 10° R per hr. These Instruments can 
be carried safely at 10 meters from the Bsactor if the attenuation is 
greater than 10. To carry them at 3 meters from the reactor requires 
an attenuation of 102. 

Photographic film (Goodman LP-131) having the same neutron sensitivity 
as man can be carried safely on the trailer without extra neutron shielding. 

Combining these figures with Table 1 leads to the following conclu
sions. For tractor-trailer separations up to a few thousand meters, the 
neutron attenuation needed will be determined by the '-̂ -'1 R per hr. pilot, 
requirement at the trailer. For tractor-trailer separations up to about 
1,000 meters the payload can be carried safely on the power plane, 

2. Gamma-Ray Attenuation Required 

Table 2 gives the doses received at various altitudes and at various 
distances fi"om a source of 6 x 10-̂ 9 Mev, of gamma-ray energy per second. 
This source corresponds to a 100,000 kw. reactor with no self-shielding 
and no external shielding. 

The numbers given depend on a choice of the individual gamma-ray 
energy. The choice 3-5 Mev. was indicated by some bomb-test data (received 
from Los Alamos by L. W, Nordheim) and this energy was used to obtain the 
n\imbers of Table 2. If the correct individual energy was chosen, the 
numbErs given would not be wrong by more than a factor of about two. Taking 
2 MeVo and 5 Mev. as outside limits for the individual gamma-ray energy, 
the possible error in the doses given correspond to a change in air density 
by a factor of 1,̂ -̂. For example, the dose at 1,000 meters and 39,000 ft. 
altitude is given as 3<>8 x 10^ R per hr., and should lie between'~~-2.5 x 10^ 
R per hr., and ^^ k x 10^ R per hr. 

The dose received at 10 meters from the source is 5»2 x 10° R per hr. 
To reduce this dose to 1 R per hr., the total attenuation required, includ
ing the self-shielding in the reactor, and the shielding by the airplane 
itself, is lO^"^, At a distance of 1,000 meters from the source, the 
total attenuation needed is lO^'" at 39,000 ft. altitude. Beyond 1,000 
meters, the air absorption begins to count heavily aid the doses are much 
smaller at the lower altitudes. For example, the attenuations required to 
reduce the dose at 2,000 meters to 1 R per hr., are lO-̂ '-̂ , lO-*-"', and lO^-O 
at altitudes of 21,000, 39,000, and 59,000 ft. 

The gamma-ray tolerance of the payload (L. W. Nordheim, special memo) 
is estimated as 3 x 105 R per hr. .The payload can, therefore, be carried 
safely on the trailer plane where the gamma-ray dose will be only ^'^ 1 R 
per hr. To carry the payload safely on the power plane, at a distance of 
10 meters from the reactor, requires an attenuation of 10-̂ °̂ ^ 

The gamma-ray tolerance of radio and control instrumentation (L. W. 
Nordheim, LP-I5I) is estimated as 105 R per hr. These instrioments can be 
carried safely at 10 meters from the reactor if the attenuation is greater 
than lO-L-T. 
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Photographlc film (C. Goodman LP-I3I) being 5OO times more sensitive 
than man to gamma rays can perhaps be carried safely on the trailer with 
a few tons of extra shielding around the film packs, if sufficient atten
tion is given to the design of the camera. 

Combining these figures with Table 2 leads to the following conclu
sions. For tractor-trailer separations up to about 2,000 meters (this 
distance varies with altitude) the gamma-ray attenuation needed will be 
determined by the--̂ l̂ R per hr. pilot requirement at the trailer. For 
larger separations the determining factor will be the electronic equipment 
on the power plane which requires a /~̂  lO^'T attenuation. The payload 
at 10 meters from the reactor will be safe from gamma-rays at any tractor-
trailer separationo 

3. Closed-Cycle Radiations 

The coolant stream in a closed-cycle system can become radioactive 
for various reasons IncltdLng leakage of fission products and direct 
activation of the coolant as it passes through the reactor. 

Fission products can leak due to the formation of a hole in the 
uranium container. In this case, a certain fraction, f, of the fission 
products formed will leak instantly into the coolant stream. The gamma-
ray dose produced at various altitudes and distances due to this effect 
is obtained by multiplying the numbers of Table 2 by 6.3 f. This factor, 
0.3,-f, neglects self-shielding in the heat exchanger and does not take 
into account the fact that part of the coolant-stream radiation is emitted 
inside the reactor and the reactor shield. The neutron dose due to delayed 
neutrons produced in the coolant is overestimated by multiplying the numbers 
of Table 1 by 0.02 f. 

Fission products can leak also by a slow, steady process, such as 
diffusion, which will take place whether or not holes are present. The 
formation of holes, however, will speed up the leakage by diffusion. Some 
idea of the magnitude of this effect can perhaps be obtained by assuming 
that the fission products leak exponentially with time. That is, the 
probability that a fission product is still in the reactor at a time, t, 
after its birth is given by e"P^. For this case, the gamma-ray dose Q n 
produced is obtained by multiplying the-numbers of Table 2 by 0.035 1^ * , 
which represents the average dose produced during the time T (in seconds). 
Tfcils factor is valid only for p equal to or less than Tsec. * Thus, for 
an operation of 105 seconds or 28 hours, the factor is 3'5 x 10 p and is 
valid for p equal to -—^—1 or smaller. If it is assumed that the 

105 sec. 
fission products remain inside the reactor for a time t^ and only then 
begin to leak exponentially, a calculation shows that only for delay times 
of the order of one-third the operation tljae or greater will the factor 
0.035 pT be significantly reduced. The neutron dose due to delayed 
neutrons from the coolant is overestimated by multiplying the numbers of 
Table 1 by O.3 P« This neutron factor will be greatly reduced if there 
is a real delay time to-
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' The following results are obtained by combining the above numbers 
with Tables 1 and 2, An f value of 10"° leads to a 1 R per hr. gamma-ray 
dose at 10 meters from the reactor and a fraction of an R per hr, of neutron 
dose. Thus, in a manned craft, f must be kept smaller than 10' . Similarly, 
the value of p for an M craft must must be kept smaller than 10"°, An f 
value of 10"^ leads to neutron and garama-ray doses of ̂ ^1 R per hr, at 
1,000 meters from the reactpr. Similarly, p must be '~'10"5 or smaller to 
keep the 1,000 meter dose down to ''̂  1 R per hr. Even though the assumed 
exponential leakage is a poor approximation to the actual diffusion process^ 
the required p value of 10"° for the closed-cycle M craft might indicate 
that fission-product leakage is a serious problem for this craft. An 
estimate of the diffusion process indicates that a 10~9 p value is roughly 
equivalent to a diffusion through a solid barrier (no cracks) whose thick
ness is several times JDT where_D is the diffusion constant and T is the 
time of operation. For D (~'10~ cm.^/sec. and T •''̂ 105 sec, several times 
\| DT is a few millimeters. 

In a closed-cycle M craft, the choice of the coolant material is 
severely limited to those coolants with low activation cross sections and 
long time-delays between activation and gamma-ray emission. Even liquid 
bismuth must be purified (B. T. Feld, LP-157) before it can serve as a 
coolant in a closed-cycle M craft. In a closed-cycle•TT craft, however, 
even sodium which is an easily activated substance seems possible to use. 
A simple computation shows that the average dose produced by the activated 
sodium in one day's operation can be obtained by multiplying the numbers 
of Table 2 by 0,0^ F V/U where F is the free-flow ratio, V is the reactor 
Tfolume in cubic feet, and U is the weight of uranium 235 lii pounds. Taking 
the values F .= 0.1, V - 8, and U - 50, the resulting value for the factor 
is /'N>6 X lO"'̂ . Table 2 then shows that the gamma-ray dose at 1000 meter(3 
is only ̂ -̂̂ 0.2 R per hr. 

k. Open-Cycle Radiations 

The wake in an open-cycle system will become radioactive for various 
reasons including leakage of fission products and direct activation of the 
coolant — just as in the closed-cycle case. This radioactivity is not 
confined and allowed to accumulate as in the closed-cycle case, but Instead 
recedes from the power plane with a relative velocity equal to the velocity 
of the plane. (The wake is slowed down rapidly by mixing with the surround
ing air o) 

In an M craft operating at 100,000 kw. and Mach. number:w«-i, the gamma-
ray dose, received by the pilot who is 10 meters from the origin of the wake 
is rŝ  10^ f R per hr. for Immediate fission-product leaJcage and•'^6 x 10^ p 
R per hr, for a slow steady leakage with no delay. These numbers include no 
reduction for any shielding which might lie between the pilot and the wake. 
Taking a factor of 10 for this shadow shielding (which might be anywhere 
from ̂ "^10 to /^ 100) gives f ̂ N-'10"'3 and p ̂v-» lO'̂ "-'- sec. as the f and p 
values which result in a 1 R per hr. dose. The neutron doses, due to de
layed neutrons, will be about the same as the gaamia-ray doses. 
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In a TT craJt operating at 100,000 kw. and Mach number = -s^l.O, the 
gamma-ray dose received by^the pilot is given by.''^105(f/xQ)R per hr. for 
immediate leakage and-'^lO (P/XQ) R per hr. for a steady leakage without 
delay, where XQ is the distance in meters from the pilot to the center of 
the wake. Taking XQ to be I50 meters (W. Cooley LT-lk9) gives f ^^10~3 
and p^^lO"^ as the values which result in a gamma-ray dose of 1 R per hr. 
The neutron doses are again about the same. If the pilot should by chanpe 
be riding in the midst of the wake, he would receive doses of 2 x 105 f/r^ 
R per hr. and 3 x 10° p/r^ R per hr. where TQ is the radius of the concen
trated^ portion of the wake and is about I5 meters (Cooley LP-li|-9). For f 
"---'10'"'̂  and p '-^lO"^, these doges are each '•̂ -'20 R per hr. In other 
words, a 3-minute ride inside the wake gives a total dose equlviilent to 
a 1-hour ride I50 meters below the wake. 

Thus the radiation effects of the wake are about the same in both 
M and TT crafts. In the M craft, the open cycle has a lO^-fold advantage 
over the closed cycle with regard to immediate fission product leakage 
and a lO-'-fold advantage for a steady leakage. In the TT craft, the 
closed cycle has a 10-fold advantage for immediate leakage while the open 
cycle has a 10-fold advantage for steady leakage. 

With regard to direct activation of the air passing through the 
reactor, a simple computation shows that the activated air in a 100,000 
kilowatt, 1 Mach plane produces a negligible amount of radiation (̂ -̂'10"'̂  
R per hr.) at the position of the pilot in both types of craft. 

5. Ground Hazards 

No nuclear-powered craft emits radiation before operation has started. 
Thereafter, it emits radiation during operation, and after operation has 
ceased (the delayed fission-product radiation). 

An M craft on the ground, operating at zero power following a flight 
or test, emits fission-product radiation, and, in the case of a closed cycle, 
coolant radiation. The fission-product radiation immediately following 
the power shut down will amount to I/3 R per hr. at 10 meters if the shield 
is so designed as to give a 1 R per hr. gamma-ray dose at 10 meters during 
operation. The coolant radiation will be the same as it was during the 
flight or test. 

If the M craft is warming up at full power, the closed-cycle case 
produces a 10-meter hazard of '-v-̂  1 R per hr.; the open-cycle case has 
the extra hazard of the radioactive wake which is not receding from the 
plane as it does during flight but rather is accumulating at some distance 
behind the plane, (since the wake slows down rapidly by mixing with the 
surrounding air). The radioactivity of the directly activated air amounts 
to a gamma-ray source of 3 x 10-̂ 3 Y- Mev. per second for a plane which has 
been warming up for a half hour. Taking V = 20 ft? as the reactor volume 
and U = 60 lb. as the wei^t of uranium 235, the soxirce is equal to 10-'-3 
Mev. per second which results in a 1 R per hr. dose at a distance of 20 
meters. Since the wake will probably recede much more than 20 meters, the 
direct activation of the air represents no hazard to the pilot. The wake 



UNCLASSIEIED 
will become radioactive also by fission-product leakage, which will 
produce a source of 10-̂ 9 f Mev. per second for full power warm-up, where 
f is the fraction of fission products which leak instantly. For f ̂ ^^10-3, 
a value which gives the pilot a 1 R per hr, dose during flight, this 
source is lO-'-̂  Mev. per second and results in a 1 R per hr. dose at a few 
hundred meters. Fission product leakage into the wake may therefore be 
a real hazard to the pilot warming up his open-cycle craft. If it is, 
some tricks can no doubt be used to spread the wake or remove it, 

Tbe radioactive air produced duripg the open-cycle warm-up will still 
remain after the plane has left the field, and will decay rather slowly. 
This air should be removed and mixed with large volimies of inactive air. 
To make a lO-'-" Mev, per second source harmless (keep the dose down to^—' 10 
R per hr.) requires mixing with about a billion cubic meters of inactive 
air, or removing it by a distance of̂ -̂ -1000 meters. 

The TT craft after a warnj-up on the ground will leave the air radio-
active just as in the case of the M craft. There will be, however, one 
new source of air activation, namely the neutrons which leak ftom the 
shield. These neutrons will produce in the air an extra source of 0.5 x 
10 Mev. per sec. divided by the neutron attenuation of the shield, for 
a half-hour warm-up. This source is then.--/10-̂ 2 jjeŷ  per second and Is 
present in both the open-cycle and closed-cycle cases. The radioactivity 
produced in the ground due to leakage neutrons has not been investigated. 

During warm-up, the TT craft will emit not only the air radiations 
but also the direct neutron and gamma rays which leak from the shield. 
The doses produced by these radiations can be obtained by dividing the 
numbers of Tables 1 and 2 (for 9=9^ ) by the neutron and gamma-ray at
tenuations of the shield. It is seen that these doses amount to^-^10~3 
R per hr. at 2000 meters if the shielding has been arranged so as to 
result in 1 R per hr. doses at 1000 meters at altitude. 

A TT craft resting at zero power following a flight will emit gamma 
radiation due to delayed fission-product emission. The dose produced is 
obtained by dividing the n-umbers of Table 2 ( ̂ = O ) by 3 times the gamma-
ray attenuation of the shield. 

DERIVATION OF RESULTS 

1. The Effect of the Neutrons Which Leak From the Reactor 

In this section, a derivation is given of the formula for the fast-
neutron dose as a function of distance and altitude, and a proof is given 
that the fast neutrons determine the required neutron attenuation. 

A calculation of the flux of fast-neutrons (energy higher than 0.1 
Mev.) according to a diffusion picture and a conversion to biological 
damage (200 neutrons per cm.^ per sec. gives 0.1 R per 8 hrs.) lead to 
the following formula from which Table 1 was obtained. 

UNCWSSIFIED 
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N(r) = S (5 X 10-8 yg-y ^ g ̂  10"9e-2 ) (l) 

N(r) = the biological damage rate in Roentgens per hour at a distance r 
in meters from the source, and for an altitude corresponding to 
an air density 

S = the source strength of fission neutrons per second. 

y = 1! (2) 

z = ^ ^L (3) 
130 a^^mttars 

\o/ = the ratio of normal air density at sea level to the air density 
/V at altitude. (ij-) 

Formula (l) has been obtained as follows. The source neutrons are 
assumed to be all3M.eVo in energy. The cross sections used for air (N and 
0) are those graphed in "The Science and Engineering of Nuclear Power" 
Vol. I, 

The average logarithmic energy loss,^ , of a neutron colliding with 
air is closely given by ̂  « 1/7. Thus, a 3 Mev. initial neutron makes on 
the average 7 log 30 = 23.8 collisions in air before slowing down to be
low 0.1 Mev. This slowing down can be incorporated into a diffusion pic
ture by using a fictitious absorption cross section so chosen as to give 
the same average number, 23.8, of collisions before an absorption takes 
place. In terms of mean free r)aths, then, the fictitious absoi^tion corre
sponds to a mean free path Af> given by 

X̂ = 23. SX^ (5) 

where A ^ is tiie scattering mean free path. There is also a true ab
sorption of neutrons in air which between 3 Mev. and 1 Mev. is about 2^ 
of the scattering. Thus, the total absorption, true plus fictitious, 
corresponds to a mean free path X _ given by X.-/f—' |-O.OZl 0^ 

K - >6 K 
(.&) 

Diffusion theory then giyes the following answer for the fast neutron 
flux 0 (diffi)-as a function of distance from a source of S neutrons per 
second. 

-y 

'^ V 4'wr'' (7) 
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where 

X -Si 1̂ /3 (8) 

In equation (7), r is in centimeters to give the flux (6 in neutrons 
per cm.2 per sec. 

A difficulty arises in applying equations (7) snd (8) because the 
scattering path A g is not independent of neutron energy. Some sample 
values are: 

A^ = 130 % meters for 3 Mev. 
A s = 4-5 ^'/Q meters for 0.1 Mev. 
A c = 19 ^"/p meters for thermal neutrons (9) 

The value of As't° ̂ ^ used in eqiiations (7) and (8) should be inter
mediate between the 3 Mev. and .1 MeVo values and should be closer, by 
ratio, to the 3 Mev. value. The value chosen was 

A.C,- 87 ^meters (lO) 

The total fast flux is then given by 

^--^l7-ny-"-0 -y -z. 
4Trr^ ^ ' 7 - -^^ J (11) 

where y is defined as in Eq. (2) and z as in Eq, (3). The contribution 
> ̂ ,. e"^ is the flux due to those neutrons which have made no collisions. 
4Ttr̂  / 
Eq. (1) is finally obtained by 1a:"ansforming <Ptot ^^om flux to biological 
damage and transforming r from centimeters in (11) to meters in (l). 

Eq. (1) should not be too bad an approximation to the truth, especially 
if a probable error factor of '̂  2 is placed on the definition of y, and 
shoTild be applicable to within this err or-fact or in y for y values up to 
the order of 10 perhaps. This error-factor should take care of uncertain
ties in the cross section, the source spectrum,' and the simplified diffusion 
picture. 

There is some rough bomb-test data on neutron attenuation in air 
(communicated from Los Alamos via L. W. Nordheim)., This data gives 

r 
„- 200 meters 

2 
r 

as the space variation of 3 to lh Mev. neutrons in the distance range 
200 to 1700 meters of sea level air. Eq. (l) is not inconsistent with 
this data. 
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The other than fast-neutron radiation produced b y the leakage neutrons 
are the slower neutrons, the capture gamma rays, and the delayed gamma rays 
emitted by activated air. 

The scattering cross section of air Increases markedly as the neutron 
energy is lowered. This results in a shorter slowing-down distance from 
0.1 Mev. to thermal than from 3 Mev. to 0.1 Mev. The Fermi ages are 
roughly 

"Y (3 Mevo to 0.1 Mev.);?:; 6 x 10^ (_k.) meters2 

^ (O.l Mev. to thermal);::::; 2 x 10^/'^') meters^ 

It is to be expected therefore that the slow-neutron flux (neutrons 
below 0.1 Mev.) will be in equilibrium with the fast flux. A computation 
either by age theory or by a diffusion picture shows that the slow flux 
is the same order of magnitude as the fast flux, except near the source 
where the slow flux is smaller. Since the biological effect of the slow 
neutrons is only several per cent of the fast-neutron effect, the conclu
sion follows that the slow neutrons will be taken care of if the fast 
neutrons are sufficiently shielded. 

There is a loophole in the above argument arising from the fact that 
it takes time for the neutrons to slow down. It is possible that the 
pilot in the trailer continually moves into a slow-neutron flux which 
corresponds to a shorter distance from the neutron source. This effect, 
however, is small. The average time taken by a neutron to slow down from 
--̂--' 3 Mev. to thermal energy is'~'0.13 /f seconds which is ''̂ -̂ 0.5 sec. 

at it-0,000 ft. The distance moved by the plane traveling at 600 m.p.h. 
in 0.5 sec. is •'̂ 1̂30 meters. The variation of slow flux in 13O meters 
is comparatively small. Also, O.I3 °/Q sec. is an overestimate of the 
sluwing-down time because only -—'5^ of the neutrons actually reach thermal 
energies in air. 

Thus, it can be concluded that the effect of the motion is small even 
if the plane were traveling at />v 1000 m.p.h. Another argument for the 
smallness of the effect of motion is as follows. The flux of thermalised 
neutrons in air in the immediate neighborhood of a source of 3 x 101° 
fission neutrons per sec. is given by age theory as 3 x 10^(,9/Q^^ which 
equals 2 x 10° at an altitude of ij-0,000 ft. This flux would be higher 
if many of the source neutrons have low energies rather than fission 
energies and would be lower if the 5?̂  absorption fa.ctor was taken into 
account. In any case, 2 x 10° thermal neutrons per cm? sec, corresponds 
to a biological dose of ^^-y 2 R per hr. Thus even if the pilot moves into 
the maximum possible thermal flux, he receives only a few R per hr. from 
the thermal neutrons produced by an unshielded 100,000 kilowatt reactor. 

A neutron slowing down in air will get to near thermal energy and 
then be absorbed. Only 0.5^ of the captured neutrons lead to an instan
taneous gamma ray. A neutron captured in nitrogen leads to a proton. A 
neutron caplrured in argon leads to a capture gamma ray. The argon capture 
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cross section is ^̂ -̂  0,5^ of the total capture cross section. Computing 
the rate of captures by age theory and assuming the captiire gamma rays 
to total 8 Mev. per captur-e leads to a source of 120 (f/(>) Mev. per cm.3 
per sec. in the immediate neighborhood of a 100,000 kilowatt unshielded 
reactor. The source of captiire gamma rays decreases with distance from ^̂̂  
the reactor. Such a garama-ray source leads to a dose of at most 7»5(°/4'oT 
R per hr. which equals g- R per hr. at 40,000 ft. The capture gamma rays 
are therefore unimportant. 

A neutron captured in A^O produces argon kl which emits a 1.^ Mev. 
gamma ray with a radioactive period of 110 minutes. Also, a neutron 
capture in N15 produces the radioactive N16. Thus, as the power plane 
passes by a given cubic centimeter of airj a certain concentration of 
radioactive nuclei will be built up in the air and will emit gamma rays. 
Using age theory to compute the absorption rate of thermal neutrons and 
integrating this rate to obtain the total neutron absorption results in 
the following expression 

(1) 
for the production rate of active argon gamma rays produced by an un
shielded 100,000 kilowatt reactor. V is the velocity of the plane in^3 
Mach numbers. Such a gamma-ray source can lead to at most a dose of -^— 
(^/QO) ^ Ps^ ^ ' which equals '^'3 x 10"^ R p e r ^ . at it-0,000 ft and 1 
Mach. The N1° dose will be several times the A ^ dose. In any case, the 
dose produced by the radioactive air is very small. 

2. The Gammn. Rays Which Leak from the Shield 

A formula is derived giving the rate of energy dissipation produced 
at various distances and altitudes from a source of monoenergetic gamma 
rays. This formula from which Table 2 was obtained is 

where 

G(r) = the dose in R per hr. received at a distance r in meters from 
the source, at an altitude corresponding to air density € > 

C = the total energy in Mev. emitted by the source per second 

E - the individual energy of the emitted gamma rays. 

,̂ (E) = the probability that a gamma ray of energy E laakes a collision 
per meter of travel in ordinary air ( ̂^ ) and is tabulated in 
Table 3» 

H(E) = k,(E)Vp, 

ONCLASSIFIED 
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F(rU(E)j = a function of r^(E) which is fairly insensitive to 
changes in E in the range 2 Mev. to 10 Mev. This 
function is tabulated in Table k- for two values of E. 

Eq. (13) is derived accoB3ng to the following picture. It is assumed 
that the gamma rays are scattered only in the forward direction until they 
reach the energy O.5 Mev. At this point they are scattered isotropically 
until they reach O.O5 Mev. at which energy they are photo-electrically 
absorbed, A discussion and bibliography of similar calculations can be 
found in Mon P-293 by G. Young. 

Denote the gamma rays above 0.5 Mev. by the fast group and those 
below by the slow group. According to the assumptions the fast group 
scatters only forward and the slow group scatters isotropically. The 
fast fltix is first evaluated as 

00 

n=. I 

where G(r,E) is the flux per unit energy interval at a distance r from 
a unit point source and is the sum of 

G , ( r , E % ^" ""l oil of energy E o (15) 

giving us the flux of gamma rays which have made zero collisions and all 
the Gn, the flux after n collisions. The energy dissipation is then com
puted and the effect of the slow group I added in to give the final answer. 

The symbols used have the following meanings: 

t(E) - the probability that a gamma ray of energy E makes a collision of 
any kind per unit length of travel 

S(E) = the probability that a gamma ray of energy E makes a scattering 
collision per unit length of travel 

W(E,E') - the probability that a gamma|ray of energy E falls into dE' 
after a scattering collision 

E = the energy of the source gamma rays. 

Summing over all the possibilitieip by which a a^mma ray of energy E 
could reach position r after n collisions results in the following formula 
for Gn +•=0 

^̂'̂""̂  sro)dv,uufo.i)dE, dE^., e-^^""'^'"'5(n-l)ayji6) 

. . . . ) e ^ d . . • • U N C L A S S I F I E D 
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where E-ĵ  is the energy of the gamma ray after k collisions, x-^ is the 
distance traveled by idiis gajmaa ray, t(k) stands for t(E, ), sfk) for s(E]^), 
and w(k,k+l) stands for w(E]5., '^•^^j) • The integral over y ensures that 
only the flux at r is counted. The integrals over the Xĵ  extend from 
zero to plus infinity. The integral over Eĵ . extends from, E to Ejj._-ĵ. 

The x-u. integrals of Eq. (l6) can be performed. If it is assumed 
that W(E,E'^) can be expressed as 

W(E,E') = f(E) g(E') (17) 

then also the E-^ integrals can be performed. The jintegrations result in 

I nn-l 

a-irv 
d^ 

(18) 

00 

lGAr,E). 
O i l Qir'-r 

J 

where t = t(E ) ajad t - t ( E ) . 
o o 

In case the functions s,f,g,t are so related that 

(19) 

dt(E) 1 
• - - - s(E)f(E)g(E) 

dE k 
(20) 

f^o +00 

then e ^£ can be written as (ti-iy)^ Tto+lyJ''̂  BSiA. the integral Jl̂ is given by 
(Campbell and Foster, "Fourier Integrals For Practical Applications" page 
64) 

TIBi 
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Ztr 

-tor 
= r>e-%Fi (l-k;23(V^» 

The function, Jl is the confluent hypergeometric function, which for inte
gral values of k is a simple transcendenj;al. For non-integral values of 
k, some tabulated values can be found 
Airey. 

In a low atomic number material 
elements, the Compton scattering is 
the fa-st group. In this case the 

isuch as air or any of the light 
t]ie only process of importance for 

following approximations are valid. 

s(E) - t(E) 

w(E,E') = w(E,E) IT 

E 
where y ?::̂  0 for gr up to 2 — which 
greatest importance. 

s wi f(E) 

g(E) 

f(E)g(E) = |(E,E) 

= 33 

k(E) = 3.54 E"0»6 

In Eq. (25), k is meant as defined by Eq 
3.5^ is correct only if the gamma-ray 
rest mass 
energy range 
as Hiust be assumed in order to obtain 
can be at least partially overcome by 
forming the integration in which k is 

(21) 

in Phil. Mag. 6(36) I918, Webb and 

quite exact 

E\y 

(22) 

(23) 

is most probably the range of 

(E,E)Ey 

(2lf) 

(25) 

(20). Further, the number 
energy is used in units of electron 

0.5 Mev. Eq, (25) is cora-ect to within ̂ ^5 percent in the 
g- Mev. to 6 Mev. It is xmfortunate that k is not a constant, 

Eq. (21). This difficulty, however, 
taking an average value k when per-
part of the integrand (see Eq. (19)). 

This average value will then depend o^ the limits of the performed integra
tion. A reasonable choice might be 

k(E,Ej = 3>5h E "°*3E-°-3 (26) 

where again E must be in rest mass units. 

IBi 
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Performing all indica.ted processes and using the approximations 
given above leads to the following results, for two values of E^, 6 Mev. 
and 3-5 Mev. 

For EQ = 6 Mev. 

Fast flux = I & ( r , E ' ) d E ^^ -„ (l-H O.tOSoF-f 0.6ZO(Sor; ) 

I = Fast intensity 

For EQ = 3.5 Mev. •^ ^ ^ v 

Fast flux = C ^ ( I -|. 0 .70 5o r + O.0 (o8(so r ) J 

I = Fast intensity = 1 ,^ Q. " / | ^ o.37s«r +0.020(^0 r ' )^ 

-^^'^^- 4.Trr2ar 4TTr2 V. (28) 

In Eq. (27) SQ stands for s(6 Mev,), in (28) for s(3.5 Mev.). These resiilts 
are valid for (sor) ranging from zero up to 20, The expression D(r) gives 
the energy lost by the fast group per second per cubic length. Part of 
this energy is directly dissipated In air, and the remaiî ing part goes, 
into the slow group. The slow group, however, dissipates its energy in a 
distance which is small compared to s^". Thus, for (Sor) greater than 
zero, D(r) gives the total energy dissipation in Mev. per second per 
cubic length of air. For (sgr) very close to zero, the energy dissipation 
is closely eq-ual to 0.5 EoSo/^lt^ since the average energy after a 
collision is closely equal to half the original energy, for a fast group 
gamma ray. Converting to proper units leads fina-Hy to Eq. (I3) and 
Table k. 
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3. Closed Cycle 

There are about 20 Me^. of g^mma-ray energy released per fission in 
uranium 235. Of this, 5 Mev. come off praraptly and directly due to the 
fission, about 8 Mev. or 9 Mev. come off promptly if one caplrure takes 
place per fission. The remaining/--J 6 Mev. are delayed and are emitted 
a^er the fission by the decaying fission products. R(t), the rate of 
gamma-ray energy emission due to one fission idiich took place when t = o 
is approximately given by (see Way, Wigner Phys. Rev. Vol, 73 p. I318 (I9W)) 

R(t) = 1 Mev. for 0< t < 1 sec. 

R(t) = t"'"°̂ Mey. for l<t<105 sec. (29) 
sec. 

where t is the time in seconds after the fission. 

To compute the radiation emitted by the accuniulated fission products 
in the coolant stream, let 

f(t) = the probability that a fission product is still 
in the reactor t seconds after its birth. 

The energy emitted by the coolant stream at a time t seconds after pile 
start up is then. 

I : . / (i-^ct))f?«dt ^-y. . 6ec. (30) 
'0 

fear one fission per second taking place in the reactor. Since a total 
of^~'20 Mev. per second is emitted for one fission per second (Table 2 
was computed on this basis),I/20 is the factor by which the numbers of 
Table 2 should be multiplied to obtain the effect of the leaking fission 
products. I is the average value of I during a complete operation of 
duration T. 

For the case of immediate fission product leakage by a fraction f of the 
products, it is obvious that 

I(t) = 6 f Mev./sec. (3I) 

for times greater than several minutes (after which times the fission 
products have built up almost to their maximum radiation), This result 
c_an be clumsily derived from Eq. (30) since l-f(t) is a delta function, 
r^is then equal to 6 f divided by 20 or O.3 f. The neutron multiplication 
factor is I.9 x 10'% divided by 1 since I.9 x 10"^ is the number of 
delayed neutrons per fission and'-^i; is the number of neutrons which leak 
from the reactor per fission (Table 1 was can̂ puted on tHs basis). 
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For the case of an exponential leakage, f(t) is given by e"P*. Per
forming the integration in Eq. (3O) with the use of Eq. (29) results in: 

I(t) = 1.2 p t °'^ 

i(t) =0.7 P T °°^ (32) 

Eq. (32) is valid for pt < 1. The multiplication factor for gamma rays 
is then 0.7PT0.8 divided by 20 or 0.035 PTO°°. The neutron factor is 
0.3P if Eq. (30) is integrated using for R(t) an exponential decay with a 
10 second period. 

The following formula gives the ratio of energy emitted by the 
directly activated coolant to the energy emitted by the unshielded reactor. 

Ratio- iyf- 23:0_ ^ ^ _E_ (\.-^/r\ (33) 

where f is the free-flow ratio, V the reactor volume, ̂  the coolant 
density, A the atomic weight of the coolant material, Cc the thermal 
activation cross section in bams per atom of coolant, E the energy 
emitted per disintegration and y the period of the activated coolant. 
U is the weight of uranium 235^ 2i)-0 is the atcanic weight of -uranium, 
^kO is the thermal fission cross section. The average of l-e" /T 
over one day is ̂  for*T'~'15 hotirs, the sodiimi period. Putting into 
Eq. (33) tlie proper values and the 5 averaging factor gives the result 
quoted in section C above.- E for sodiinn Is about it- Mev. 

k. Open Cycle 

In the time interval, d t, the ntmiber of fission products 'trtiich 
leak Instantly is Nfdt where N is the number of fissions per second. If 
V is the velocity of the plane, the source strength per dx length of wake 
is N f R (t) ̂  where t = x/v is the time it takes for the wake and the 
plane to separate by a distance x. The important region of the wake is 
the part closest to the pilot. Thus, for a M craft, the source is assumed 
constant and R(t) is replaced by R(o) = 1 Mev. per second. In the TT 
craft R(t) is replaced by t-l«2 Mev. per second, where t equals the 
tractor-trailer separation divided by v and Is 3*7 seconds for 1000 meters 
and 600 m.p.h. In the TT case it is also assumed that the wake extends 
infinitely in both directions from the trailer. For an exponential 
leakage of fission products, the source strength is Np^R(t) dt -^T" Sf 
For the M case, t = o, f^ » 6 Mev. per sec. For the TT case, t = 3«7/ 
- k Mev. per sec. Jo >'t 

Knowing the source strengths per cm. length it is a simple matter 
to integrate the inverse square contributions and convert to R per hr. 
by use of Eq. (13) for j-ir<:̂ |, and for £"'^3.5 Mev. The resulting doses 
are: 
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6jc_105 p R/hr for 100,000 kilowatt M 

V^o 

1.3 X 10^ p R/hr for 100,000 kilowatt TT 
Vxo 

1 X 10^ f R/hr for M 

0,3 X 10^ f R/hr for TT 
V Xo 

where V is the velocity in Mach ntimbers and x^ is the shortest distance 
from the wake to the pilot. 

The dose produced by the activated aii*' in the wake has been cal
culated in a similar fashion, the nvmiber of activations occurring per 
second being evaluated by comparing weights and cross sections as was 
done for sodixan in the closed-cycle case. The ntmiber of argon acti
vations per second in a near-thermal 100,000 kilowatt reactor is -''̂  
lO^V/U where V is the reactor volime in cubic feet and V is the weigjit 
of uranium 235 in pounds. 

Ground Hazards 

The gamma ray soiirce of 3 x 10 3 v/u Mev. per second is obtained as 2 

J_x 1.1+ X lO^V/U : 3 X 10^3v/u 
2 

Ik J where 10 V/U is the rate at which active argon atoms are being pro<-
duced. This would be the rate at which they are disintegrating if suf
ficient time elapses for equilibri-um to be reached. The ratio -I to 2 
is simply the ratio of -g- hour to 2 hours, 2 hours being close to the 
radioactive period of active A.^l. The number l.U is the energy in Mev, 
df the emitted gamma ray. 

The source of 0 = 5 x 10-̂ ° Mev per second is obtained in the same way 
except that leakage neutrons are coimted rather than the neutrons in the 
reactor. The nimiber of neutrons leaking per second is 3 x 10l° for an 
unshielded reactor. All these neutrons will be absorbed, but only 
5 X 10~3 will resTilt in an argon activation. Thus, the production of 
activations is 1.5 x 10"^", and 

1,5 X 10^^ X 1.1+ X J 0.5 X 10 ,16 



Table 1 

Values of the dose received, N(r), in roentgens per hour due to fast neutrons, at various dis
tances r from a completely unshielded source of 3 x ICr^ fast neutrons per second and at various 
densities, C f of air (various altitudes). 

r (aieters) 

10 
50 
100 
200 
500 

1000 
2000 
5000 

10000 

r?. * 
Altitude = 0 

1.5 X loj 
9.7 X 105 
3.4'X 105 
l.o" X 105 
9.k X 103 
3.9 X 102 
1.3 

? = 0.5̂ „ 

21,000 ft. 

1.5 X 107 
6,9 X 105 
2.k X 105 
8,6 X 10^ 
1.6'x 10^ 
2.1+ X 103 
9.7 X 10 
2.1 X 10"2 

9= 0.25 p 

39,000 ft. 

1,1+ X 10^ 
6.0 X lo5 
1.7 X 105 
6.1 X 10^ 
1.5 X 10^ 
l+.O X 103 
5o9 X 10^ 
5.5 
5.1+ X 10"3 

59»000 ft. Infinite 

1.1+ X lol 1.1+ X 10^ 
5.7 X 10'' 5.6 X 10^ 
1.5 X lOp 1.1+ X lOp 
3.9 X 10^ 3.5 X 10^ 
9.7 X 103 5.6 X 103 
3»1+ X 103 1.1+ X 1'03 
1.0 X 103 3.5 X 102 
9.1+ X 10 5.6 X 10 
3.9 1.1+ X 10 

* ^ is the normsuL density of air at seal level. The valvies of N(r) given in the table for 
9 = Po "^ °-°* "take into effect the closeness of ground. The effect of the ground is 

certain to decrease N(r) for large distances and might perhaps slightly increase N(r) for smaller 
distances. 

t^^..,^ 
1 

o\ /^ ' f / ^ 



Table 2 

Values of the dose received, G (r), in roentgens per hour due to g rays, at various distances r 
from a completely unshielded source of 6 x 10l9 Mev. per second of Y rays of average energy 3 • 5 Mev, 
and at various densities P of air. 

I 

H 
ro 
CJN 
I 
ro 
o 

r (meters) Altitude - 0 

10 
50 

100 
200 
500 

1000 
2000 
5000 

10000 

5.2 
2.0 
1+.8 
1.0 
7.5 
1+.8 
1+.7 
l o 3 

X 

X 

X 

X 

X 

X 

X 

X 

10^ 
105 
lo^ 
10^ 
10^ 
10 
10-1 
10"° 

21,000 ft. 

5< 
2, 
5. 
1, 
1, 
1, 
1, 
1, 
3.0 

10° 
105 
loî  
10^ 
103 
102 
10 
10-2 
10-7 

^ = 0.25p„ 

39,000 ft. 

5.2 
2,1 
5.2 
1.3 
1.9 
3.8 
k,6 
7.8 
2.7 

10° 

10^ 
10^ 
lo3 
102 
10 
10-1 
10-3 

e - o.ie, 
59,000 ft, 

,6 5.2 
2.1 
5.2 

1.3 
2.0 
1+.8 
1.0 

7.5 
1+.8 

10̂ : 

10^ 
10^ 
103 
102 
102 

10-1 

^ » 0 

Infinite 

5.2 
2.1 
5.2 

1.3 
2.1 
5.2 

1.3 
2.1 
5.2 

10^ 
105 
10^ 
10^ 
103 
102 
102 
10 

* 9 Q is the normal density of air at sea level. The values of G (r) given in the table for 9= 9o 
do not consider the proximity of ground. The effect of fcne ground should not be too large (since 
the y rays go more or less forward) and should decrease G (r) for large r . 



Table 3 

Values of ^ ^ (E) 

E (MEV) - 1 2 3 3^5 1+ 5 6 

^ o (E) - 8.06 X 10-3 5.58 X 10-3 4 .38 X 10-3 3„97 x 10-3 3.65 x 10-3 3,15 x 10-3 2 ,78 x 10-3 

r}i(E) -

P(6Mev) r 

F(3.5Mev) -

0 

1 

1 

1 

2 .0 

2 .0 

Values 

2 

2 .6 

2 . 7 

of 

Table 1+ 

the Funct ion F(: 

5 

l+.i+ 

5.6 

r|x(E)) 

10 

7 .7 

12 

20 

15 

30 

rTTi 

I 
ro 
H 
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