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Abstract 

A simple calculation is done to determine the effects of an orbiting nuclear 

reactor on the trapped radiation belts.   A SNAP-50 reactor,   in an equatorial orbit 

at 1000 km and operating at 8 megw/thrm for a period of one year, is considered 

as a source of low energy electrons and protons.    Neutrons escaping from the reac- 

tor decay into electrons and protons and these can become trapped in the earth's 

magnetic field.    Hence, they contribute to the natural fluxes in the radiation belts. 

Three different source problems are considered:   1. ) those neutrons which 

decay within one kilometer of the reactor; 2. ) those neutrons which decay within 

the entire inner radiation belt; 3. ) those neutrons which decay within the entire 

outer radiation belt.    In each region the average equilibrium ol reactor-produced 

electron and proton fluxes at the equator are calculated after reactor operation 

for one year. 

These fluxes are compared to the average natural electron and proton fluxes 

in the regions, and the reactor-produced fluxes are found to be less than 0. 1 percent 

of the natural fluxes in all three cases. 

All assumptions and calculations are presei.ted in sufficient detail to allow 

updating with more recent or more exact information. 
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Electron and Proton Fluxes in the Trapped Radiation Belts 

Originating from an Orbiting Nuclear Reactor 

i.  iMKommoN 

A recent paper by Carpenter    calculated the effects on the earth's trapped 

radiation belts of an orbiting nuclear reactor.    Using Carpenter's basic assumption 

about the orbit of the reactor,  we nave performed the same calculation in more 

detail.    We also extended the problem to include the effects on the entire inner 

and outer radiation belts whereas Carpenter only considered a small portion of 

the inner belt. 

Neutrons escape from the reactor and decay into Ion energy electronri and 

protons which can become trapped in the earth's magnetic field.    Neutron.- decay 

throughout the entire region of the radiation belts; therefore,  electrons and pro- 

tons are being formed throughout the region.    To consider each of these points 

rigorously and to determine its contribution to the total flux is beyond the scope 

of these hand calculations.     Tins problem would have to be programmed for a 

computer.    We will present what we consider a reasonable and simple approxi- 

mation to this complete solution, 

(Received for publication 14  \ugust  1!M)4) 



Positions in the earth's magnetic field are generally represented by two coor- 

dinates:   B and L.    The quantity B is the magnetic field strength at the point in ques- 

tion,  usually measured in gauss.    The parameter L is a quantity related to the 

magnetic line of force at the point,   measured in earth radii.    Termed the L-shell, 

L is actually dependent upon the trapped particle's momentum along the field line, 

the field strength at the particle's mirror point,  and the dipole moment of the field. 

It is accurate to 2-3 percent to say that the particle travels along the L-shell 

between mirror points. 

In order to understand the physical significance of L,  consider a simple dipole 

field centered at the earth's center.    The L value for a particular shell would be 

the distance (in earth radii) iVom the earth's center to the point where the shell 

crossed the equatorial plane.    This L value would have no longitude dependence, 

and a satellite in an equatorial orbit at a constant altitude above the earth would 

always be passing through the same L-shell. 

If we displaced the earth so that the earth's center and the dipole field center 

did not coincide, the same satellite would pass through a variety of L-shells as it 

orbited the earth. The earth's actual magnetic field can be roughly approximated 

by such an eccentric dipole field, with the distance between the earth's center and 

the dipole center being about 420 km. 

We assumed a SNAP-50 reactor,  in an equatorial orbit,  at 1000 km above the 

earth.    The SNAP-50 is a fast reactor operating at a power level of 2 to 8 megw/ 

thrm.      We assumed that the reactor operated at the highest power level (8 

megw/thrm) for a period of one year and then examined the changes in the flux 

in the trapped radiation belts at the end of the year.   We calculated both the 

reactor-produced electron and proton fluxes,  and we considered each flux in three 

different regions of space:   (a) the L = 1.11 to L - 1.28 region.    This considers 

only those neutrons which decay within the first kilometer and is included mainly 

for comparison with the earlier paper.     (b) the L = 1.11 to L = 3. 0 region.    This 

is the entire inner radiation belt,  (c) the L = 3. 0 to L = "J. 0 region.    This is es - 

sentially the entire outer radiation belt. 
17 

The SNAP-50,  operating at 8 megw/thrm,  produces about 7.4!) x 10      fast 

neutrons/sec,  and assuming a 5. 5 percent leakage rate this yields 4, 12 x 10 
2 

neutrons/sec leaking out of the reactor.     These neutrons have an avrrage energy of 

1.4 ev and hence a velocity of 16, 5 km/sec.   These assumptions about the initial 

reactor conditions were used for all three regions. 



2.  rxuii.vnuNs 

2.1.       KloHFon I lu\ 

2.1.1.    IhvHs Mithin KirM KilumHrr - i.     I II lu I.     1.2» 

It takes a neutron of velocity l(i. 5 km/sec only ü. Oü sec to traverse the first 

kilometer.    Since the neutron half-life is about 750 sec,  the fraction of neutrons 

decaying in the first kilometer would be 

1  - exp f (-0. 693) (0. 06)/(750)J= 5. ü x 10"J 

Thus we get (5. (J X 10    ) (4.12 x 10   ') - 2.',il x 10 " electrons/sec as the forma- 

tion rate of electrons. 

Consider the satellite orbit now.    In an equatorial orbit of 1000 km the satellite 

would thus pass through a variety of B and L values. 

The L values vary from 1.11 to 1. 28 and the li values vary from 0. 18 to 0. 2(> 

gauss.    The average values over all longitudes are L = 1.17 and H = 0. 22 gauss. 

Since the distance of electron formation (1 km) is small compared to the orbital 

altitude (1000 km),   we can consider the reactor as essentially an Isotropie point 

source of electrons,   injecting electrons into L shells of 1. 11 to 1.28. 

We now have to consider how many of these electrons are trapped and how 

long they remain trapped; then we can determine the electron flux in the belt due 

to these reactor-produced electrons and compare it to the natural electron flux. 

The basic equation for the flux (approximating the integral by a summation) is 

r-     f-g-V. 

^i = TDQZ -^ (1) 
1 

w he re 

0 .= reactor-produced electron flux at the equator at 1000 km at the end of 
el 2 

one year (electrons/sec cm   ) 
7 

F   = time of injection = 1 year =  ',i. lirii x 10    sec 

Ü   = fraction of electrons which remain after decay due to the electron's 

energy and H-L coordinates 



Q   = electron formation rate (electrons/sec) 

f. = fraction of the trapped electrons which have pitch angles in the_ith pitch 

angle group 

g. = fraction of the trapped electrons which have pitch angles in the_ith pitch 

angle group which remain after decay due to the pitch angle 

V. = volume of space over which the trapped electrons in thejth pitch angle 

group will spread (cm ) 

v.  = velocity of electrons in the_ith pitch angle group (cm/sec) 

Each of these quantities will now be discussed separately. 
12 

The electron formation rate, Q, is just 2. 31 x 10     electrons/sec.    This is 

the total production rate of electrons over all pitch angles. 

To determine the various pitch angle groups,  we considered five mirroring 

altitudes:   200, 400,  600,  800,  and 900 km.    For*each mirroring altitude we used 

18 different longitude values,  spaced 20   apart.    At each of these longitude points 

the B and L values corresponding to 1000 km and 0   latitude were determined. 

This L line crosses the mirroring altitude at two different B values.    The lower 

of these two B values is the mirroring B value.    The pitch angle can then be cal- 

culated by the formula 

B 
2 eq .„. 

where B      is the B value at the equator,  B     is the B value at the mirroring point, 

and a      is the pitch angle.    For each mirroring altitude this gave 18 different 

pitch angles.    These were averaged to give an average pitch angle for each mir- 

roring altitude.    The results are shown in Table 1. 

The minimum value of 200 km for a mirroring altitude was chosen as this 

is essentially the upper limit of the atmosphere.    Below 200 km particles will be 

rapidly lost to the atmosphere.    This calculation shows that only those electrons 

with pitch angles greater than 55    will be trapped and mirror at altitudes of 

200 km or more. 



TABLE 1 

1— 
1 a. 

i 
0. 
i 

r. 
i 

(km) 

a. 
i 

(khi) 

f. 
i 

gi 
V. 

i 

(cm ) 

1 55° 55° 66. "-O 200 0.059 0.01 2.57 x 1026 

2 61° 59° 6800 400 0.077 0.11 2.35 x 102G 

3 67° 64° 7000 600 0.096 0.29 2.08 x 1026 

4 73C 70° 7200 800 0.117 0.53 1.67 x 10 

5 79° 77° 7300 900 0.225 0.86 1.45 x 1026 

6   90°       

Five pitch angle groups were thus established between 55    and 90 .    These 

are shown in Table 1.    Assuming the reactor emits electrons isotropitcüly,  it is 

easy to determine the fraction of electrons emitted in each pitch angle group,  f. 

2rr 

5 d*i 
i+1 

sin 6 de 

21! 
cos 6. - cos 9.   . 

i i+l 
(3) 

wnere 9   and 0       are the lower and upper limits,  respectively,  of the pitch angle 

group.     The values for f. are given in Table 1. 

Unfortunately,  not much data exists on life times of trapped electrons.    One 

reference had data from conditions similar to those we are considering:   an alti- 
3 

tude of 1000 km and an energy range of 30 kev to 1  Mev.      Their data was taken 

at a higher latitude (30  N) and was thus at a larger L shell,   however the error 

this contributed should not be significant in this calculation.    This reference 

measured the angular distribution of the electron flux; it also showed that no 

electrons were trapped with pitch angles below about 55  ,   in agreement with 

our number. 

Our five pitch angle groups were applied to their curve of flux vs  pitch 

angle,  and an average flux in each pitch angle group was determined.    This was 



then compared to their flux at 90    and this simple ratio was used as the fraction 

of electrons in the Jth pitch angle group which remained after decay due to pitch 

angle —the quantity g..    If there was no preferential pitch-angle decay,  we would 

expect a constant value of the flux from 90   to 55  ,  but the flux steadily decreased 

as pitch angle decreased.    This leads us to the conclusion that there is a prefer- 

ential decay as a function of pitch angle,  and the quantity g. is a rough approxima- 

tion to it.    The quantity g. is shown in Table 1. 

The electrons are emitted into L shells 1.11 to 1.28 during each orbit.    They 

will be confined between these two L shells within the space above their mirroring 

altitudes.    Since they will drift around the earth,  they will occupy a volume seg- 

ment around the earth.    This volume can be expressed as 

2n       9 r 2n 90° r 

V.  = 2 \   d^   \   sin 0 d9 \   r2dr + 2 I   d^ \   sin 0 dfl   \       r^dr 

o 8 r. o 0, r, 
2 i 11 

(4) 

where 

r    = L   sin 6 (km) 

2   . 
r    = L   sin 0 (km) 

r.   = r   + a. (km) 
i        o       i 

r    = earth radius = 6400 km 
o 

L   = lowest L-shell = 1.11 r 
1 o 

L   = highest L-shell = 1.2Ö r 
2 o 

a.   - mirroring altitude (km) 
i 

9.  = angle at which r,   - r. 
1 b 1        i 

0,, = angle at which r., r r. . 
2 2        i 

This calculation assumes the earth's field can be represented as a dipole, 

Equation (4) can be integrated to give 



L                L2 L3 

6     J.   _1      .L  3     iÜ _J 
' 7 + 35    r.   + 35      2 + 35 3 

i               r. r. 
i i 

L L2 L3NT 

7 + 35 r.   + 35     2       35      3 
i r. r. j 

(5) 

At the two highest mirroring altitudes,   r. exceeded L  .    In these cases the limit 

on 0 in Eq.   (4) is from 9   to 90    for the first integral and the second integral is 

zero.    The result is that in Eq.  (5) only the first four terms remain; the second 

four are zero.    This means that the L    line is below the mirroring altitude and 

the particles are confined in the space between the L    line and the radius r.. 

To calculate the velocity of electrons in the jth pitch angle group,  we used 

the formula 

2A. 
v. = — 

1 T 
((-) 

where 

A.  - length of an average (L = 1.20) L line between mirror points for partich s 

having pitch angles in the ith pitch angle group (cm) 

T.       period of lateral oscülat'on for electrons on an average (I.  -   1.20) I. 

line and in the Jth pitcli angle group (sec). 

This period is the time it takes an electron to travel from any point to one mirror 

point,  then to the other mirror point,   then hack to the original point.    It thus 

traverses twice the arc length between mirror points. 

Again assuming a dipole field,   the arc length can be calculated by 

A    ^ _' L   \       cos « IH (7) 



where 

L      - the L-shell along which the length is being measured 

e .     = angle at which the L line crosses the mirroring altitude 

e.     = arccos 
i 

y/TiZ. 

4 
The period of lateral oscillation is given by 

T. = (0.085) j T(a.) (8) 

where 

L      - equatorial radius of the line of force (in earth radii) 

a.      = Jth pitch angle 

ß       -- vie 

T(o> 1.30-0.56 sin a.. (9) 

The average energy of an electron resulting from neutron decay is about 300 kev; 

this corresponds to a ß- 0, 776. 

The calculations for A., T .,   and v. were done for the five different mirrorinL' 
i      i' i 6 

altitudes and for three different L values:   1.11,   1.20,  and 1.28.    These repre- 

sent the lowest, average,  and highest L shells the trapped electrons will encounter. 

The value of A. increased with L,  as expected.    The value of r . was relatively con- 

stant over all values of L and mirroring altitude; this constant value was about 

0. 1 sec.    The value of v. thus increased with increasing L,  and decreased with 

increasing mirroring altitude.    The data for the average L (L = 1.20) were used 

in the flux calculation.    The values of c., A., T .,  and v. for L = 1.20 are given 
i      ill 6 

in Table 2. 

Another method of finding the velocity parallel to the L line would have been 
5 

to use the formula 

v. = v(l - B/B„.) = v cos o. (10) 
1 Ml I 



TABLE 2 

i 0. 
1 

a. 
i i 

A. 
i 

T . 
1 

v. 
i 

(km) (cm) (sec) (cm/sec) 

1 55° 200 22° 5. 616 x 108 0. Ill 1.012 x 1010 

2 61° 400 20° 5. 149 x K)8 0. 1 06 9. 715 x lo'* 

3 67° 600 17° 4.426 x 108 0. 1 03 H. 5U4 x lü;j 

4 73° 800 15° 3, 931 x I0Ö 0. 100 7. 862 x l()lj 

5 79° 900 13° 
(i 

3.426 x 10 0. 098 6. 992 x 10' 

where 

v       = total velocity of the electron (cm/sec) 

B      = equatorial value of B at 1 000 km 

B      = value of B at mirroring altitude for pitch angle i_ 

Equation (10) can be rewritten 

v. = 3c cos a 
i i 

[ID 

where 

c = velocity of li^ht = 3 x 10      cm/sec 

Equation (11) gives very similar results to E<j.  ((>),  with velocities ranging from 

1. 33 x 10  " to 4,44 x 10    cm/sec. 

The decay fraction,   L),   is also luini to estimate,   due to lack of experimental 

data.    The best source of data seems to lie the time behavior- of the fission elec- 
(i-n 

Irons released during the 1962 hi^h altitude nuclear test series. Phese results 

indicate that the decay of the trapped electrons depends on the I, value,  the B v;iliie, 

and the electron energy.     Two different decay modes have been proposed:    1. ) an 
6-8 9 

exponential decay with time; 2. ) an inverse time decay. 



10 

Kor the exponential decay we have the formula 

^=-N+Q (12) 
dt p 

where 

N = total number of electrons (electrons) 

p  = decay constant (sec) 

Q = formation rate of electrons (electrons/sec). 

Integrating Eq.  (12) and using the initial condition that at t = 0, N(0) - 0,  we get 

N(t) = Qpfl - exp(-t/p)l. (13) 

If we had assumed no decay, we would have had 

f.Q. (14, 

Equation (14) integrates to 

N(t) = Qt. (15) 

Thus, at time t,  we have that the fraction of electrons remaining after exponential 

decay,  D , is the ratio of Eq.  (13) to Eq.  (15) 

Ü (t) = £ fl - exp(-t/p))  . (16) 
et 

Various values of D    are calculated and tabulated in Table 3.    These are e 
based on different combinations of B arid L values and also for different electron 

energies.    Most of the data is measured for fission electron energies; the electrons 

from neutron decay are distributed in a typical beta spectrum,  with a beta end- 

point energy of about 760 KeV and an average energy of about 300 kev. 
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TABLK ;J 

" __ -            _                      _ 
1  

Electron 
Energy 

L H 
(gauss) 

P 
(hrs) 

D DI 

Fission 1. 2.') 0.21 480 0. 055 
Fission 1 , 2:) 0,21 500 0. 05 7 
Fission 1. 25 0.21 3450 0, 128 
Fission 1.25 0. 21 4.2 0. 5(10 

300 kcv 1. 25 0.21 200 0, 023 

Fission 1.25 0.20 480 0. 055 
Fission 1. 25 0.20 503Ü 0. 333 
Fission 1. 25 0.20 28 0. 5 02 

Fission 1. 25 0.1!» 1200 0. 137 
Fission 1. 25 0. lit 24 00 0. ()()5 
Fission 1. 25 0. 1!' 220 0. 512 

Fission 1. 18 0,21 300 0. 034 
Fission 1.18 0.21 480 0. 05.) 
Fission 1,18 0.21 1500 0. 171 

300 kcv 1. 18 0, 21 100 0. (Ill 

Fission 1. 18 0, 20 400 0. ()4() 
Fission 1. 18 0. 20 480 0, 055 
Fission 1. 18 0. 20 1340 0. 150 

1  Mcv 1.18 0. 20 1)5 0. 505 

For the inverse time decay,   we have,  analogous to Fq.   (12) 

dN _ \_ 
<lt       " (I * p) Q. (17) 

Aj.';!!!! with the initial condition that ^it t      0,   \(0)      0,   \\i- have as the solutinn tc 

Fq.    (17) 

\(t) 
yt t   ♦   2p 

t   '   |. 
(13) 

rhus>,   alter time I,   the t'rai tion i>t electrons reiiiaiiunj.' .ilt< r invei'.-.e tina   ile( av, 

I) ,   is the ratio of Fq.   (18) to \:>\.   (15) 



1-' 

DI(t) r > 
t + 2p 
t f p 

(Hi) 

Various values of Ü   are tabulated in Table 3,   based on different values of 15,   L, 

and electron energy.    The values of IJ    and D, in Table .'} are calculated for t     1 J e I 
year. 

Table 3 shows that the experimental data is in poor agreement,    For this 

reason we considered two different values of D in the final flux calculation: 

1.) the worst case,   corresponding to D = 0.51,   at I. : 1.25,   li     0. 1!),   and for fission 

energies; and 2.) a more realistic case,  corresponding to I)     0.011,   at I. - 1. 1 li, 

H - 0.21,  and for 300 kev   electrons.    The second case was considered more real- 

istic because the H and L values are approximately our average H and I. values, 

and the energy is about equal to our average electron energy. 

We can now combine all of these factors to calculate the average reactor- 

produced electron flux at 1000 km at the equator at the end of one year.    The 

results are 

for \) --  0. 51   :    0  .   - 5.35 x 10" electrons/sec cm" 
el 

For I) = 0.011:    0  .   = 1. Hi x 10   electrons/sec cm . 
el 

Note that these numbers are lower than the calculations in the earlier paper    by 
4 (i a factor of 5. (> x 10    lor the worst case and 2. fi x 10   tor- the more realistic case. 

10 
Some data exist tor the natural electron tlux in the range 0. 5 to 5.0 Mev. 

Although this range does not correspond exactly to our range, it is a good approxi- 

mation, since the majority of the natural flux is below 1.0 \ieV. These represent 

about the most reliable data that exist on natural electron flux in this range.    These 

fluxes,   over the H and I, range of our satellite,   vary from ''. 1 \ 10    to i* x  10' 
2 7 2 

electrons/sec cm   .      The1 average natural flux is 2.02 x 10    electrons/sec cm" 

over this orbit.      Thus,   at the end of a year,   the reactor-produced flux is only 

0. 002'i percent of the natural flux for the worst rase,  and 0. OOOOfi percent of the 

natural tlux for the more realistic case. 

If,  for any reason,   we wanted to change any of the initial reactor parameters, 

the new electron flux could he simply calculated.    If we change the reactor power 

level,   neutron leakage rate,  or average neutron velocity,  this only changes the 
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number of electrons formed.    From that point on the electron calculations would 

remain the same.    If the new power level (in megw/thrm) is P.   the new  leakage 

rate (in %) is F,  and the new average neutron velocity (in km/sec) is w  (assuming 

the neutrons are still non-relativistic),  then the neu formation rate of electrons, 

Q.  is 

Q = (7.-1!) x lO17) (P/8) (1-7100) (5. fi x in"') (Ki.n/w)   . (20) 

This would be the Q us»'(l in Eq.  (I) and all other quantities in Eq.  (1) would remain 

the same. 

2.1.2.    Kniin- Inner Hilt - I      Ml m I      HI 

Let us now consider the electrons produced within the entire inner belt.     This 

belt extends out to approximately I, =  .<.(),    At the equator this I. shell is about 

12,800 km from the earth's surface,   or 11,800 km from the reactor.    We will 

then consider all neutrons which decay within  1 1, 800 km.    It takes a neutron of 

velocity 16.5 km/sec about 715 sec to travel  11,800 km.     Thus,   the fraction of 

neutrons which decay in a sphere of radius 11, 800 km is 

1  - exp f(-0. (ÜK0 (7ir))/(750)|= 0.488 

l(i , If) 
With the leakage rate of 4. 12 x 10      neutrons/sec,   this means l.H!) x 10 

electrons/sec are formed in the sphere. 

Not all of these neutrons will decay v\ ithin the radiation belt,  himever.    Sonn 

are emitted toward tue earth,  and these will be lost.    Assuming the reactor is at 

an average distance of  1 280 km (I,      1.20) from the f'arth's surface,   the earth then 

subtends 0.244 of the total solid angle .it the reactor.    Then only 0. T.'if. of the 

neutrons will decay within the radiation belt,   and the electron formation rate 

within the belt i.-, (0. 7:)(>) (1. Tt x 10   ')     1. äO x 1 0   ' electrons/sec. 

Not all of the electron-, formed within the radiation belt will be trapped.     A 

particle can only be trapped and mirror at (»cunts whose H value is greater than 

or equal to the M value of the injection point.    At each point this puts a trapping 

limit on the pitch angles.    Since we are assuming Isotropie electron sources, 

some of the particles v\ ill have angles which do not allow them to be trapped.    As 

this depends on the I, value,  the position alonjj the 1. line,   and the mirroring 
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altitude,  the detailed calculation is complex.    To obtain an average value for this 

fraction lost,   ue considered two different L shells:    L -  1. :') atid L -  3.0.    We cal- 

culated the fraction trapped at various positions along each I. line for a minimum 

mirroring altitude of 200 km.    These fractions were 0.57 for L = 3.0 and 0. 4fi for 

L -  1. '),    We thus assumed that for ull L shells about 0. 50 of the electrons emitted 

by the source arc trapped.    Then ((>, 50) (1. 50 x 10    ') -  7. 50 x 10   '' electrons/sec 

are trapped in the inner radiation belt. 

These trapped electrons will have a variety of pitch angles and over a long 

tune we assumed that there will be some preferential decay due to the pitch angles. 

From our earlier calculations (see 2. 1.1) we estimated this fraction to be 0.50. 

Thus (0.50) (7.50 x 10    ) ■  3,75 x 10  '   electrons/sec remain trapped after pitch 

angle decay. 

To obtain a value for the average electron velocity we again considered the 

L      1. 5 and  L r 3.0 lines and used h'qs.   (')-8) to calculate arc lengths,   lateral 

oscillation periods,  and velocities.     These two velocities were quite similar and 

their average was used;    1. J x 10      cm/sec. 

We also assumed that the electrons were distributed uniformly throughout 

the volume between the L -  3.0 line,   the I,      1.11 line,  and the 200 km mirroring 
28      3 altitude.    From Kq.  (5) we find this volume is 1.25 x 10    cm  . 

The decay fraction due to the electron's energy and M-L coordinates was also 

hard to estimate.    Kven less data exists for this region than for the one we pre- 
1 > 

viously considered.    One source      gives a lifetime of It. months for I. =  1.4 and 
12 energies approximately in this range,     ft      also give-, a hletime of 2.> days lor 

2. 1 '     L "     '•!. ') for electrons of energy greater than 250   kev .      In our earlier 

calculation we used the lifetime of 100 hours for 300  ke\   electrons at I.      1. 1 !>. 

We then divided the inner" belt into three L ranges:    1, U to 1. 3,   1. 3 to 2. 1,   and 

2.4 to 3.(1.     We used the values of 100 hours,   1 (> months,   and 25 clays,   respectively, 

for- the lifetimes m these three ranges.    We also found the fraction of the total 

volume in each range and weighted these decay fractions by these volume fractions. 

This gave a total average value for- the fraction remaining alter- energy and H-l, 

decay of 0. 354. 

The injection time was again assumed to be one year-,   or- 3. 150 x 10    sec. 

Thus,  the average reactor-produced flux at the equator throughout the inner 

radiation belt at the end of a year is,   analogous to E(\,   (1) 



15 

-'e2 

15 10 7 
(3, 75 X 10 ) (1. 2 X 10 ) (3, 156 X 10 ) (0, 354 ) 

(1. 25 X 1 0
28

) 

4 2 
4.02 x 10 electrons/se c em (21) 

We again used Mc ilwain' s data
10 

to find the a ve r age na tural e lectron flux for this 

region. To obtain thi s a ve rage we c ons ide r ed 16 different L va lue , r a ng ing from 

L = 1. 11 to L = 3. 0, and 9 different longitude value s , spaced 40° apart. We found 

the B value a t each L a nd long itude value; we the n found the corresponding natural 

flux for each B- L point. This average valu , aga in over the range 0 . 5 to 5 . 0 Mev , 

i s 8. 2 x 10
7 

electrons/sec cm
2

• This agrees with the flux reported in anothe r 
11 

reference. 

The r eactor-produced flu x is only 0 . 04 9 pe rcent of the natura l flu x <' n 

considering decay within the e ntire inner belt . 

Equation (21) can be gene rali zed as 

-1 2 ) 2 
., t.

2 
= Q(2. 02 x 10 (e l ectrons/ sec em ) 

where 

Q = (7.4 9 x 1fl
17

) (P/8) (F/ 100, (1- exp f(-0 . 660 ) (1 6. 5/w )]). 

(22 ) 

(2 ~ ) 

Th pO\ er le l (in megw/thrm ) is P, the leakage rate (in per ent ) is F, an d th 

av r age n utron veto ity (in km/se ) is w (assuming the neutrons a r e still non

r lativisti ). This a llow s the flux to be re-cal ula ted eas ily for hanges in t he 

r a tor param te.-s. 

2. 1.:1. •:ntir.- Uult·r lkh - I. = :1.0 '"I . 9.0 

The ou t r radiation belt extend..: from abou t L = 3. 0 to L = !J . 0 . The L = U. 0 

line is about 51, 200 km from t he ar th' s s urfac a t t he e qua tor, or a maximum 

di ·tance of 50, 200 km from t he r a tor . eutrons traveling 16. 5 km/ s e · wou l d 

require 3042 to tra ver · this di s tan e . The fra tion of neutrons d c aying 

\ i thin a s phere a r ad iu s 50, 200 km is 0. !'.! 40 . W a lr ady found tha t the fr·a tion 

decaying in the phere of radius 11, 800 km (L = 3. 0 ) was 0. 483 . Thu s , t he 

fraction decaying in the region L = 3. 0 to 9. 0 is 0 . !140 - 0 . 48 3 = 0 . 4 57 . The fra tion 
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headed away from earth would be the same as found in 2. 1. 2:   0, 75ii.    We also 

assumed the same fraction (0. 500) would have pitch angles which allowed them to 

be trapped.    Due to lack of data lor this region we assumed no preferential pitch 

angle decay. 

To estimate the average electron velocity in this region,  we considered an 

average L shell in this region:   L = (>. 0.    Using Eqs.  (6-8) for a 200 km mirroring 
y 

altitude,   we found an arc length of 5.84 x 10   cm,   a lateral oscillation period of 

0.854 sec,   and a velocity of 1. 37 x 10      cm/sec.    From Eq.   (5) we found the 

volume between the L = 3. 0 line,   the L = 9, 0 line,  and the 200 km mirroring 
29        3 

altitude was 3.52 x 10      cm" .    Again,  due to lack of data,   we assumed there was 

no decay due to the electron's energy or H-L coordinates. 

Thus the average reactor-produced electron flux at the equator throughout the 

outer radiation belt at the end of a year is 

A      - (4. 12 x IP1'') (0.457) (0. 756) (0.500) (1. 37 x IQ10) (3. 15(i x IQ7) 

(3.52x10^) 

t      •- 8. 74 x 10"  electrons/sec cm    . (24) c3 

7 
The average natural electron flux for this region is about 10    electrons/sec 

cm .     '   "        '        Thus, the reactor-produced flux is only 0. 087 percent of the 

natural flux. 

This value for reactor-produced flux is a worse-rase calculation; all unknown 

factors were chosen to make the flux appear on the high side.    For example,  there 

would undoubtedly be some decay,  as the electrons spend a large portion of their 

time near their mirror points and at these lower altitudes the probability of an 

interaction is much greater.    Also the unstable nature of the outer belts was not 

considered.    Fluctuations in the belt can dump particles which have been accumu- 

lating,   and these fluctuations are rather frequent.    Even neglecting these factors 

the reactor-produced flux is very small compared to the natural flux. 

To allow for changes in the initial reactor parameters,  Eq.  (24) can be gen- 

eralized as 

0      - Q (4.64 x 10'13)   (electrons/sec cm2) (25) 
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where 

Q= (7. 49x 1017)(P/8)(F/100){expf (-0. 660)(16. 5/w)] - exp f (-2. 811)(16. 5/w)]} 

(26) 

The reactor power (in megw/thrm) is P,  the neutron leakage rate (in percent) is F, 

and the average neutron velocity (in km/sec) is w (assuming the neutrons are still 

non-relativistic). 

2.2.    Proton Flux 

2.2.1.     IWay Mithin First kilometer - I. - 1.11 to I. = 1.28 

For each electron formed in neutron decay, a proton is also created.    This 

proton could have energy up to about 760 KeV, but the average proton energy will 

be much lower than this. 

The formation rate of protons within one kilometer of the reactor will be the 
12 , same as the electron formation rate in this volume:   2. 31 x 10     protons/sec. 

These protons are probably not emitted isotropically, but for simplicity we assumed 

that they were.    The calculations here will parallel those for electrons (see 2.1.1), 

although there will be less detail here due to lack of information.    The reactor is 

considered an isotropic point source of protons, injecting them into L shells of 

1.11 to 1.28. 

We assumed that about the same fraction (0. 500) of protons as electrons would 

not be trapped because of unsuitable pitch angles.   The volume over which these 

protons would be distributed would be that volume between the L = 1.11 line, the 

L = 1. 28 line, and the 200 km mirroring altitude.   This volume,  which was 

computed in 2. 1. 1, was 2. 57 x 10      cm  . 

To estimate the average proton velocity, we used Eqs.  (6-8) for an average 
o 

L line (L = 1. 20).    The arc length,  as found earlier,  was 5. 62 x 10   cm.    For 

760 KeV protons the value of /3 = 0. 042.   Thus the period of lateral oscillation 

M 

a 
becomes 2.04 sec, and the average velocity is 5.51 x 10   cm/sec. 

The 1/e - lifetime for protons of energy approximately 1 Mev is 10 

sec/cm .        The atmospheric number density at 1000 km is 9.1 x 10 cm    . 
5 

The 1/e - lifetime is then 1.1x10   sec.    Using Eq. (16) we obtain a B-L-energy 

decay factor of 



1» 

I) =      
(1, 1 X 10 ^    (1 - exp f(-3. 15Ü x 1()7)/(1.1 x 10r>)l) 

(3. 156 x 10  ) 

D - 0. 003:'). 

We aj^ain asbumrd no preferential pitch angle decay,   mainly due to lack of data. 

The time of injection was one year-,   as before. 

Then the average reactor-produced proton flux at 1000 km at the equator 

at the end of one year is 

. (2.31  x 1012) (0. .r)00) (fi. fil  x lo") (0. 0030) p. l.')(i x 107) 

P1=   "'    ~  (2.r,7xl02C) 

-1 2 
t  ,  = 2. 73 x 10      protons/sec cm". (J7) pi 

The average natural proton flux at 1000 km for protons in this energy range is 
8 2   1!) about 3x10    protons/sec cm". Thus the reactor-produced proton flux is 

-7 
only about 10      percent ol the natural flux.   I.ven neglecting the decay factor,   the 

reactor-produced flux would still be at least five orders of magnitude below the 

natural flux. 

Kquation (27) could be written as 

0      * QU.lö X 10       ) (protons/sec cm^) (28) 

where Q is given by Eq,   (20).     This allows for changes in the initial reactor 

parameters. 

2.2.2.    Knlir.-Inm-r li.li - I.     1.11 to I      3.« 

This calculation parallels that in 1.2,2 for electrons in the same region. 

The formation rate of protons in the spin-re of radius 11, 800 km is 1, !)!) x 10 

protons/sec.    The same fraction (0. 7r)(i) decay within the belt,   and we assumed 

the same fraction (0. 500) are trapped due to their pitch angle distributions. 

We again assumed no preferential pitch angle decay,  due to lack of data. 



To obtain an average v locity for the proton , we consid r d two L lin s : 

L = 1.5 and L = 3.0. Using Eqs. (6-8) w found the a r 1 ngth to b 1.01 x 10
9 

em and 2. 72 x 1 o9 em, th period of lat ral o illation to be 3. 16 e a nd 

7.41sec, andthevelocitiestobe6.43x 10
8 

m/ cand7 . 34x 10
8 

m/se for 

the L = 1. 5 and L = 3. 0 lines, re pectively. The av rag velocity was tak n to 

be 6. 9 x 108 em/sec. The volume over which t he particle are di tributed is th 

same as found in 1. 2. 2: 1. 25 x 1 o28 
em . 

Toe timate the B-L-energy decay, we as umed that ther wa no decay 

beyond 2000 km (L = 1. 3) as ther is little atmosphere above thi s . The 1/ 
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lifetime is 10
11 

sec/cm3• 
17 

anct the number density a t 2000 km i s 4.6 x 10
3
cm -

3
. 
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The 1/e- lifetime is thu 2.17 x 10
7 

ec and the fra tion r mainin , from E q. (1 6), 

is 0. 527. Since the volum below the L • 1. 3 line is only 2. 06 p r nt of th total 

volume, and the decay fraction for the rest of the volume was a umed to b 

1. 000, th volume weighted decay fraction is 0. 990. 

Thus th averag rea tor-produced proton flux at the equator throughout th 

inner radiation belt at the end of a year i 

16 8 7 
(1. 99 X 10 ) (0. 756) (0. 500) (6. 9 X 10 ) (3. l!i6 X 10 ) (0. 990) 

(1. 25 X 10
28

) 

4 2 
fp2 = 1.2 x 10 protons /s c em (2 ) 

The average natural proton flux for this r gion is about 1 x 1 o8 
protons/ 

2 19 20 . m • ' Thus th rea tor-produced flux lS only 0. 01 3 p r nt of th natural flux . 

Equation (2 9) can be gen raliz d a 

-1 3 2 
•p2 = Q (6. 52 x 10 ) (proton I ec em ) 

where Q i giv n by Eq . (23). Thi allow · for c hange in th i itia l r a tor 

p ramet rs. 

(30) 

The nux calculated by Eq. (2 ) i unnaturally high. The protons uld pend 

a good portion of th ir time nea r t he ir mirror points and a t th · low r altitude 

the decay factor would probably drop well below 0. 0. Ev n , th r a tor

produced flux i still only a very mall percentage of th na tura l nux. 
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2.2.3. EM•ft! O..er lleh-l = 3.1 .. l = 9.1 

This calculation is similar to that (see 2. 1. 3) for electrons in the same 

region. The fraction of neutrons decaying in the region L = 3. 0 to L = 9. 0 is 

0. 457, and the fraction of these neutrons which decay within the belt is 0, 756. 

Also we assumed the same fraction (0. 500) would have pitch angles which allowed 

them to be trapped. We considered no preferential pitch angle decay. 

To estimate the average proton velocity in this region we again used Eqs. 

(6-8) for an average L line (L = 6. 0) and a 200 km mirroring altitude. The arc 

length was 5. 84 x 10
9 

em, the period of lateral oscillation was 15. 79 sec, and 

the velocity was 7.4 x 108 em/sec. This value was used as the average velocity. 

The volume wa again 3. 52 x 10
29 

cm3 and the time of injection was 3.156 x 10
7 

sec. We assumed that there was no B-L-energy decay. This was based on the 

assumption that the protoos were well above any atmosphere; also we could find 

no experimental data for this region. 

Thus the average reactor-produced proton flux at the equator throughout 

the outer radiation belt at the end of on year is 

16 8 7 f = (4,12 X 10 ) (0. 457) (0, 756) (0, 500) (7, 4 X 10 ) (3,156 X 10 ) 

P3 (3. 52 X 1 029 ) 

2 2 
f p 3 = 4. 72 x 10 protons/ ec em (31) 

The av rag natural proton flux for this region s about 4. 8 x 10
6 

protons/ sec 

m
2

. 
14

• 
20 

Th reactor-produced flux is then approximately 0, 01 percent of the 

natural flu x. 

To allow for chang s in the initial reactor parameters, Eq. (31) can be 

writt n a 

-14 2 
fp

3 
= Q (2. 72 x 10 ) (protons/sec em ) • 

where Q is given by Eq. (26), 

(32) 

This reactor-produced flux is also calculated on the high side, as there would 

certainly be some decay and the unstable behavior of the belt would likewise cause 

a loss of particles. Even at that the reactor-produced flux is quite small. 
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3. SUMMi\Ml' 

The results are s ummarized in Table 4. In all three regions the electron and 

proton fluxes produced by the SNAP-50 reactor were less than 0. 1 percent of the 

natural fluxes. Let us again emphasize that these calculated reactor-produced fluxes 

are almost certainly higher than the actual flux<'s which would be produced. All un

known factors in our calculations were chosen to make the flux appear higher. 

TABLE 4. Average reactor-produced fluxe s at the equator at the end of 
one year and average natural fluxes at the equator 

Uecay within Inner Belt Outer Belt 
first kilometer 

L = 1. 11 to L = 1. 11 to L = 3. 0 to 
L = 1. 28 L = 3. 0 L = 9. 0 

Reactor-produced 
2 4 3 

~1 -::.:t ron flux 5.35x10 4.02 X 10 8. 74 X 10 

Natural 7 
X 10

7 
X 10

7 
e lectron flux 2.02x10 8. 2 1 

Reactor flux 
Natural flux 0. 0026'o o. 04 9% o. 087% 

Reactor-produced -1 4 2 
proton flux 2.73x10 1.2 9 x10 4.72x10 

atural 
X 10

8 
X 108 4. 8 X 10

6 
proton flux 3 1 

Reactor flux 
1 o- 7 % Natural flux o. 013 % o. 01 % 

Th amputation ar only approximation to th rigorou cal ulations of 

th flux ' . \ f 1 that th s rigorou calculations w uld not differ from our 

numbers by mor than a fac tor oft n. nd even if our fluxe were increased by 

s u h a factor th y would all till b tha n 1 p r ent of the natural flux. 

Th r on point whi h may w· rra nt further tudy. The reactor-produced 

flux ar w 11 b low th a verage n tural fluxe s in the e regions. but there are 
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specific points in these regions where the natural flux is somewhat lower than the 

average.    At these points the reactor-produced flux could become much more sig- 

nificant.    As we stated earlier,  though, to solve this problem completely and to 

find the reactor contribution to the natural flux at eacii point in the radiation belt 

would require the use of a computer. 

Based on these assumptions and calculations,  the SNAP-50 reactor seems 

to be an insignificant source of contamination to the trapped radiation belts. 
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