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The production of delayed gamma ray radiation from the debris following a
nuclear weapon detonation in space can produce an environment that is
detrimental to various sensor systems on space-based assets. This report
examines the nature of this delayed gamma enviromment and provides guidelines
for assessing its severity.

A full derivation of the environment is presented based on a simple symmetric
model. Included in the environment are single burst and multiburst scenarios
and an estimate of the radiation resulting from the distributed weapon debris
and the debris plated out on the space-based asset. All results are presented
in parametric form to allow them to be applied directly to a wide range of
engagement scenarios.

A brief discussion of the nature of required shielding to survive a gamma
environment is presented. Methods of mitigating the radiation environment are
discussed. The report concludes that levels in excess of 1011 MeV/(cmZ-s) per
cal/cm? x-ray will exist for several seconds after a burst. In the event of a
multiburst scenario, gamma dose rates of approximately 1012 MeV/(cm2+s) can be
expected for each cal/cm? per second of prompt dose received during the time
of the scenario. These results show that it will be necessary to provide
mitigation of the debris environmment or shielding against it to achieve
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functional sensor systems during a nuclear engagement.

Ve " 92
92 8 31 v2s ST

S




CONTENTS

Section Page
1. INTRODUCTION .. ititten et enineeeneeensenenesenenenennnnns 1
2. BASIC DEBRIS RADIATION RELATIONSHIPS ..........c.0neuenenen. 1
3. SINGLE BURST BACKGROUND ENVIRONMENT ..........vovenvunnnnnn. 2
4. MULTIBURST BACKGROUND ENVIRONMENT .........cuevvvenuennennnn 6
5. PLATEOUT RADIATION ENVIRONMENT .............c0vvveenennenns 8
6. MULTIBURST PLATEOUT ENVIRONMENT ..............c.ocivvninennnn 13
7. COMBINED DEBRIS RADIATION ENVIRONMENT .............c.0.n0nn.. 16
8. DEBRIS ENVIRONMENT APPLICATION ..........c.ovivimenenennnnnn 22
9. MITIGATION OF DEBRIS RADIATION ENVIRONMENT ................ 22

10 SUMMARY AND CONCLUSIONS . .........i'iirinrnnnrenanenennnnnnn 26
11 2800 3100 18 0. 3 28

iii




Figure

O 0~ O P W N

(=
(=]

11.
12.
13.

LIST OF FIGURES

Page
Schematic of the Debris Radiation Enviromment ............... 3
Single Burst Background Debris Environment .................. 7
Multiburst Background Debris Environment .................... 9
Parametric Multiburst Background Debris Enviromnment ......... 10
Single Burst Plateout Debris Enviromment .................... 12
Parametric Single Burst Plateout Debris Enviromment ......... 14
Parametric Multiburst Plateout Debris Environment ........... 15
Multiburst Plateout Debris Environment ...................... 17
Single Burst Total Debris Environment ....................... 18
Comparison of Calculated and Approximated Dose Rates for a
Single Burst With Z = 1 s ... ... ... i, 20
Multiburst Total Debris Environment ......................... 21
Required Uranium Shielding for a l-cm Sensor ................ 24
Background Debris Dose for a 1-MT Burst ..................... 27

iv




1. INTRODUCTION

Recently, considerable effort has been expended on the development of space-
based assets that can survive a nuclear weapon attack. Generally, this
effort is focused on the prompt nuclear weapon effects; these being hot x-
rays, cold x-rays, neutrons and prompt gamma rays. However, delayed weapon
effects must also be considered in the balanced hardening of space-based
assets to attack. The two delayed effects of greatest interest are the gamma
radiation resulting from decay of the weapon debris and radiation from
energetic electrons trapped in the earth’s magnetic field. This report deals
with the gamma radiation produced by decaying weapon debris and provides a
number of parametric relationships that can be used to estimate the debris
radiation environment for many nuclear weapons attacks scenarios.

In general, the dose rate caused by debris radiation is several orders of
magnitude lower than that caused by the prompt weapon effects. However, this
dose continues for several seconds to several minutes after the detonation
and can be a source of concern for the space-based asset designer.
Specifically, the radiation can become an unacceptable source of noise for
focal plane arrays and other detectors. For this reason, the level of debris
gamma radiation is of considerable interest. However, since detectors are
normally rated by the order of magnitude of the radiation dose rate under
which they can operate (i.e., 108 MeV/(cm2+s)), a relatively rough estimate
of the debris gamma environment will suffice to determine the required level
of shielding or the needed gamma tolerance of detectors expected to operate
in the environment.

2. BASIC DEBRIS RADIATION RELATIONSHIPS

During the detonation of a nuclear weapon, a typical fission releases
approximately 200 MeV. Of this energy, about 3% to 5% eventually is emitted
as gamma radiation from the decaying weapon debris. The time dependence of
the release rate of this radiation is usually of the form given in Equation
(1).

AGt) - ——— (1)
(1L +¢t)"
where the time, t, is expressed in seconds since the burst. Glasstonel

states that the exponent of 1.2 has been observed to vary from 0.9 to 2.0. G
may be evaluated by integrating the above expression over time and setting
the result equal to the 3% to 5% of the 200 MeV total fission energy.l This
yields a value of G, which ranges from 1.2 to 2.0 MeV/(fissionesecond). The
exact value chosen in this range only has a negligible effect on the results.
However, for the purposes of this report, a value of G equal to 1.9
MeV/(fission+second) has been chosen. Using the fact that 1 kiloton (kT) of
explosive yield is equal to 1.45 x 1023 fissions, the value of G can also be
expressed as 2.8 x 1023 MeV/(kT.s).

Since the output of a burst is approximately 80% x-raysl and a kiloton is
defined as 1012 calories, a constant J can be defined in a way that relates
the fluence received (F) to the yield (Y) and distance from a burst (R):




FR2 _ 0.8 x 1012 cal R2
Y 4n Rsz

10 cal

J =6.4x 10 kT (2)

The remainder of the weapon energy (20%) appears as kinetic energy of the
debris.l This can be converted directly to debris velocity by

2
EK-imv ,
E
K 1 2
0.20 B =~ T3V . (3)

where B is the energy/mass ratio of the weapon. A ratio of 1 kT/kg
corresponds to a velocity of 1.3 x 106 m/s while a ratio of 0.01 kT/kg
results in 1.3 x 103 m/s. So, for a wide range of weapon and weapon delivery
geometries, a range of debris velocity from 105 to 106 m/s can be assumed.

The debris environment can be considered to consist of a thin, expanding
spherical shell with the activity and velocity stated above. The spherical
shell assumption is not entirely correct, since magnetic fields affect the
propagation and shape of the shell. However, it will be used here to provide
a rough estimate of the environment because of its relative simplicity and
because debris gamma affects are only sensitive to order of magnitude changes
in the environment. The activity of the shell can be determined by dividing
the total gamma activity by the area for a shell radius S:

A(t)Y
4x 52

K(t) = (4)

where K(t) represents the areal activity of the shell in units such as
MeV/(cmz-s) and Y is the burst yield in kT.

This shell affects the space-based asset in two ways. First, direct
radiation from the shell is received. Second, when the shell passes the
asset, the radioactive material can plate out on the surface, providing
residual radiation long after the shell has passed. The nature of these two
environments will be derived separately.

3. SINGLE BURST BACKGROUND ENVIRONMENT
The geometry of the expanding shell with relation to the space-based asset is
presented in Figure 1. To determine the dose rate at any time, an integral

of the dose provided by a differential shell area must be performed. The
differential dose rate is
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a1 = 5&212% , (5)
4 R

which is the total activity of a differential area divided by the area over
which the radiation is distributed at the distance to the target.

The differential area dA can be chosen as a ring element equidistant from the
asset. This is

dA = (2x S sinf) (Sd8) = 2x S2 sing df . (6)
By the law of cosines, R can be expressed in terms of D, S, and §:

R2 = 52 + D2 - 25D cosd , (7)
where D is the distance from the burst to the target, R is the distance from
the debris element to the target, S is the radius of the expanding debris

shell, and # is the angle between D and S (see Figure 1). The integral for
the dose rate is set up as follows:

ol 2
- JK(t)dA _ I K(t)S* sind a4
[o]

; (8)
Lx R2 2(S2 + D2 - 28D cosé)
Or in terms of R:
R
I = Kég)s In Rmax
min $:))
K(t) is replaced with the activity of the source as follows:
2
A(L)Y (S + D)
I = T6x sp 1° 2
(8§ - D)
A(D)Y Rmax
T =% s> ™[R
" min (10)

These two expressions are equivalent. Both expressions exhibit behavior that
must be evaluated as a limit for time zero (i.e., S + O, Rpin -* Rpax)-

lim I = I = 1im 28, D+ 8) _ A(O)Y

50 ° <o 8x SD (D - 8) in D2

(11)




which is the correct result for radiation from a point source. A similar

situation also arises for very long times (i.e., S>>D, Rpin - Rpax). The
limit is:

A(t)Y 1n (S + D) A(L)Y

8x SD (S-D)-aﬂ_s2 '

limI = I = lim (12)

which is the expected result for dose rate at the center of a spherical shell
of activity A(t) and radius S from a burst of yield Y.

The debris radiation relationship also exhibits a singularity when the shell
crosses the asset. This singularity is not a numerical issue, but rather is
caused by immersing the point detector in the radiating debris. For an
actual asset, there is a finite size such that Rpjp never goes to zero. This
minimum radius can be considered to be the radius of the satellite. Simply
adding the radius to the denominator is sufficient to suppress the
singularity and will have no significant effect on the dose rate. The dose
rate then becomes

I = A(t)Y S+D
SSD |S-D|+r
A(t)Y Rmax
Y= MR ] a4
min

This final result is the radiation environment caused by a single expanding
shell for all values of time.

A dimensionless time variable may be introduced to parameterize the above
relationships. The dimensionless time z is defined as

vt _s
D D’ (14)
Substituting:
I - éSElg 1n ___l_t_E__; . (15)
8xzD IZ - ll + B

Combining the yield relationship for Equation (2) with the activity relation
of Equation (1):

YA(E) _ GF

R2 J(1 + t)1 2

(16)

The dose rate, I, can be rewritten as a function of prompt x-ray fluence
rather than yield and distance to the burst, and t can be replaced by zD/v:




GF

1n l1+z
anJ[l +z 9]1'2 lz - 1] +
v D

I =

(17)

Now the dose rate is a function of the x-ray fluence, dimensionless time, and
the characteristic time (D/v); it is also a very weak function of the
distance to the burst and the satellite radius. For all practical purposes,
r/D can be ignored or, at most, set equal to a constant. A reasonable value
for r/D would be 10-5 corresponding to a l-meter asset radius at a distance
of 100 km. An order of magnitude change in r/D would typically change the
dose by a factor of 2 for about 10 us, so selection of r/D is not critical,
and for |z - 1| > 105, r/D can be ignored.

A parametric plot of the background radiation is presented in Figure 2. The
figure shows a family of curves for characteristic time (D/v) ranging from
0.01 to 100 s. The curves are normalized by dividing by the fluence, F, so
that the units of the ordinate, MeV/(calss) must be multiplied by the
received fluence in cal/cm? to yie.d a debris dose rate in MeV/(cmz-s).

An example application of this curve would be to determine the dose rate 3 s
after a 1-MT burst occurring at a distance of 100 km with a debris velocity
of 106 m/s. The resulting fluence is 0.64 cal/cm? (6.4 x 1000 kT/(100 km)?2).
The characteristic time is 0.1 s (100 km/106 m/s). The dimensionless time
corresponding to 3 s is 30 (3 s/0.1 s). Reading the 0.10 s curve at z = 30,
the dose rate is 8.5 x 107 MeV/s-cal, which for 0.64 cal/cm? corresponds to
5.4 x 107 MeV/(cm2.s). Specific plots can also be constructed by
substituting the appropriate values into Equation (17).

4. MULTIBURST BACKGROUND ENVIRONMENT

The previous derivation describes the dose rate environment resulting from a
single burst. When multiple bursts occur, the dose rate caused by the bursts
will add. One way to estimate the dose rate from multiple bursts is to
assume that a number of similar, regularly spaced bursts occur. This is only
one of any number of burst scenarios. However, the result is useful since it
provides a parametric solution to multiburst phenomena. By a number of
similar bursts, it is implied that all bursts provide the same x-ray fluence
and have the same characteristic time (distance from the asset). If m bursts
occur during the characteristic time D/v, then the spacing in dimensionless
time is 1/m.

The background radiation level will vary with time as shells pass the asset,
and the relative locations of shells change because a rapid change in dose
rate occurs after shell passage. However, an average background dose rate
can be determined. The multiburst environment can be envisioned as
consisting of a number of equally spaced points, 1/m dimensionless time units
apart, on the single burst background environment plot (Figure 2). Each of
these points on the plot represents a source for the multiburst environment.
As time passes, the points move right until at 1/m greater dimensionless
time, the pattern repeats. Since all the equally spaced points exactly cover
the curve every 1/m time period, the dose received per 1/m time during the
engagement is the integral of the plot. So the dose rate is the integral
multiplied by m, the dimensionless burst frequency. While this is an
asymptotic dose rate, achieved exactly only for an infinite number of bursts,

6
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the rapid decrease in dose contribution for shells far from the assets allows
this method to accurately estimate the dose rate for any multiburst scenario.

A relation for the normalized dose rate (i.e., not multiplied by m) is shown
in Equation (18):

11 - z] + x/

BtzJ[l + 29] 1.2
v

® GF 1n 1+ 2 D]
dz . (18)

o

Recalling that z = vt/D, the units of the integral can be converted to
MeV/cal by multiplying by the characteristic time, D/v.

The results of the integration are presented in Figure 3. The units of the
ordinate, MeV/cal, arise from the dose-rate contribution, MeV/(cmzns), that
occurs from a flux in cal/(cm2.s), which is periodically repeated. For long
characteristic time, the dose per burst is higher. This is due to the fact
that the majority of the dose occurs before the shell passes (z < 1), so long
characteristic time provides extended periods of high dose rate. The values
obtained can be multiplied by mv/D (the bursts per second) and the burst
fluence in cal/cm? to determine the dose rate for a given threat environment.

The dose rate integral, Equation (18), left in dimensionless time, that is,
not multiplied by D/v, results in units of (MeV-characteristic
time)/(caleseburst) and can be multiplied by the bursts per characteristic
time, m to determine the normalized dose rate. This plot is presented in
Figure 4.

By using the previous example, a value of about 1012 (MeV.characteristic
time)/(caleseburst) can be read from Figure 4 at characteristic time of
0.1 s. Choosing a burst rate of 1/s (0.1 per characteristic time), and
0.64 cal/cm? yields 6.4 x 1010 MeV/(cmz's) as the continuous multiburst
background dose rate. The plot in Figure 3 can also be used to determine the
dose rate by reading 101l MeV/cal at a characteristic time of 0.1 s and
multiplying by 1 burst/s and 0.64 cal/cm?, yielding 6.4 x 1010 Mev/cm2.

5. PLATEOUT RADIATION ENVIRONMENRT

Upon passing the space-based asset, weapon debris may plate out upon the
surface of a satellite and cause a continuing source of radiation. Using the
environment determined from the previous sections, the level of this plateout
radiation may be estimated. A basic assumption for this determination is
that the satellite gathers weapon debris from the portion of the passing
shell that is equivalent to its projected area. The activity of the asset
surface is increased by the activity of the passing shells, and the radiation
source decays in intensity in the same manner as the shell from which it was
deposited.

A detailed determination of the plateout radiation dose rate is dependent on
asset geometry, requiring the deposition density in the projected area to be
determined and the dose rate to be calculated to a specific point. For the
purposes of determining an approximate dose rate, the asset will be assumed
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to be spherical in shape with a radius r, and the point of interest will be
the center of the sphere. This will result in a dose rate that may well be
slightly lower than that of an actual configuration but should not differ
significantly in terms of the effect that the dose has on the assets. From
before, the activity of the shell when it impacts the asset is

R(c) = 2 )
4n S
2
G
YA(t) = "'E'E'"T‘E . (16)
J(1 + t)™
This results in
GF

K(t) = (19)

4xJ (1 + t)1'2

Since this activity plates out on half of the spherical surface, the dose
rate is

x
2 2
p o | KCe) 2nx’stneas | 1
2 7
anr
(o]
- GF . (20)

8xJ(1 + t)l'2

This is independent of the asset size.

This can be cast directly into dimensionless time, 2z, and characteristic
time, D/v. Although this does not simplify the relationship, the result will
be used later:

P - ey (21)
BIJ[I + z —] )
v
Equation (20) is plotted in Figure 5. For comparison to the previous

relationships using characteristic time, Equation (21) can also be used. The
normalized dose rate in Figure 5 can be multiplied by the x-ray fluence in
cal/cm2 to yield the actual dose rate. Equation (20) must be used with some
caution however, since the shell does not arrive until t = b/v; it should be
rewritten as

_ GF u(t - D/v)

8xJ(1 + t)l'2

P

(22)

where u(t) is the unit step function.
11
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Equation (21) is shown in Figure 6 for a range of characteristic times. The
minimum dimensionless time shown is 1 since the plateout always reaches the
asset at z = 1.

Using the previous example, which resulted in 0.64 cal/cm? of fluence, the
plateout from the burst at 3 s is 3.3 x 1010 MeV/(s+*cal). This can be read
directly from Figure 5 or from Figure 6 after converting to dimensionless
time of 30. Multiplying by the fluence results in 2.1 x 1010 MeV/(cm2.s).

6. MULTIBURST PLATEOUT ENVIRONMENT

As with the background radiation, the multiburst plateout scenario creates a
more severe environment. The technique for summing the contributions of
multiple debris deposition is similar to that described before. Again, the
multiburst scenario consists of m bursts per characteristic time, D/v. The
single burst plateout, P, is

P - GFD g (23)
8 » J[l + e z] :

with z = 1 being the minimum time for the expression. As before, the
multiburst environment can be determined by integrating the single burst
expression and multiplying by the appropriate burst frequency. The
integration must start at z =~ 1:

p-| £E &z . (24)
1 8xJ [1 + v Z]
SKDJ[l + ;] ’

The resulting units are as before, (MeVecharacteristic time)/(calsse<burst).
Equation 25 is plotted in Figure 7. Multiplying by the dimensionless burst
rate, m, results in

A pjo.2 - (26)
D/v 81J[1 + ;] ’

P-

The environment can also be converted to terms of MeV/cal by multiplying
Equation (25) by the characteristic time. The resulting units are then
MeV/cal and represent the gamma dose rate in MeV/(cmzcs) per x-ray dose rate
in cal/(cmzos). This result is shown in Figure 8.

The following example is presented to illustrate the use of Figures 7 and 8.
Assume a multiburst scenario of a 1 MT burst each second at a range of 100 km
[0.64 cal/(cmz-s)]. Further, use a characteristic time of 0.1 s (v = 106
m/s). From Figure 7, the dose rate is 8.5 x 1012 (MeV-char. time/cal-s-
burst). The x-ray fluence is 0.64 cal/cm? occurring at a rate of 0.1

13
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burst/char. time. This results in 5.4 x 1011 MeV/(cm2.s). Using Figure 8
for the same example, a dose per burst of 8.5 x 1011 Mev/cal can be read at
the characteristic time of 0.1 s; multiplying this by 0.64 cal/(cmZes)
results in 5.4 x 1011 Mev/(cm2:s). Since Figure 8 exhibits only a weak
dependence on characteristic time, a reasonable estimate of the multiburst
plateout environment can be made as

P = 8.5 x 1011 Fn(MeV/cm2.s) , (27)
where F is the fluence in calories per cm?2 and n is the bursts per second.

Given the assumptions involved in satellite geometry, debris velocity, and
debris activity, this single relationship is considered adequate for
multiburst plateout environment determination.

The initial assumption for determination of the multiburst environment, both
plateout and background, was that the bursts occurred at regular intervals,
provided equal fluence, and had the same characteristic times. Both
multiburst environments have been shown to be relatively insensitive to
characteristic time and have been normalized to give the debris gamma dose
rate as a function of the time-averaged prompt x-ray dose rate. Therefore,
it is reasonable to assume that the relationships presented here are
reasonably accurate for many general multiburst scenarios. As an upper
bound, the general multiburst environment can be determined using the minimum
expected time between bursts.

7. COMBINED DEBRIS RADIATION ENVIRONMENT

The previous derivations have resulted in the generation of plots
representing the plateout and background debris radiation environment for
both single burst and multiburst scenarios. The plots for the plateout and
background radiation can be summed together to determine the total
environment for both the single burst and multiburst scenarios. Figure 9
shows the result of this summing as a plot of the total debris radiation
environment resulting from a single burst. The dose rate is again normalized
to the x-ray fluence such that multiplying the value taken from the graph by
the total x-ray fluence will yield the dose rate as a function of time in
MeV/(cmZ-s). By examining this plot and the two contributing plots that are
added to form this one, it can be seen that the dominant source of radiation
changes in the region of dimensionless time are equal to 1 or 2, after the
expanding debris shell passes the space-based asset. Specifically, before
the debris shell reaches the asset, the radiation environment consists solely
of the background radiation because no plateout is yet available. When the
plateout is on the surface of the satellite, the radiation fluence begins to
be dominated by the plateout debris as the expanding shell moves away from
the asset. For values of z away from the region of 1 < z < 2, a very good
approximation for the dose rate may be determined. Specifically, for values
of z substantially less than 1, the dose rate from the expanding shell
presented in Equation (17) becomes

I- CF . (28)

4nd(1 + t)l-2
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And for large values of z, the equation previously derived for the plateout
debris radiation, Equation (20), is appropriate, and is repeated here:

P - GF . (20)

8xJ(1 + t)1'2

These two equations differ from each other by a constant value of 2, and by
examining the original equations cast in terms of dimensionless time z, it
can be shown that the contributions of the two separate equations are the
same at z = 2. Therefore, the two can be combined using a unit step function
giving a single relationship for the dose rate at all times. The relation is
as follows:

_GF(u(2 - z) + 1)

R
8xJ(1 + t)l'2

(29)

For a specific characteristic time of 1 s, the calculated dose rate, as well
as the approximation shown in Equation (29), is plotted and shown in Figure
10. Notice that with the exception of a time when the debris wave passes the
spacecraft, this approximation provides very good correlation with the
calculated dose rate. One final issue, with regard to the single burst dose
rate, is determining the upper bound of the dose rate at the time z = 1.
This relationship comes directly from substituting z = 1 into the expression
for the background debris dose resulting in

GF

1 - In(2D/x) . (30)
max 8xJI1 + gi1.2

This can be seen to have a considerable dependence on the satellite radius,
but for typical values of burst distance and satellite radius, the logarithm
in the previous equation will have an approximate range of from 6 to 16
resulting in a peak dose that is three to eight times higher than the dose
predicted by the approximated dose rate equation. This dose, however, does
not last for more than approximately 0.1 characteristic times, on either side
of z = 1.

A combined plot for the multiburst environment can also be constructed where
the contributions caused by the multiburst plateout environment (Figure 8)
and the multiburst background environment (Figure 3) are summed to produce a
single total environment plot. This plot is shown in Figure 11. Since the
calculated environment varies by less than a factor of 2 over a 4-order of
magnitude variation in the characteristic time, a constant value for the dose
rate of 1012 MeV/cal is appropriate. Multiplication of the value from the
graph by the cal/cm? of x-ray fluence, F, and by the number of bursts per
second, n, directly yields the dose rate in HeV/(cmz-s) that will occur in a
steady-state multiburst scenario. The total multiburst relation is

I=-1.0x 1012 Fn [MeV/(cm2+s)] . (31)
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8. DEBRIS ENVIRONMENT APPLICATION

The previous plots give sufficient information to determine the debris dose
received by a satellite in both background and plateout conditions for single
and multiburst enviromments. All doses have been discussed in terms of
MeV/(cm2-s). This is the external free-field environment that would be seen
in the region of the satellite. This can be converted directly to rads by
using a typical cross section of approximately 0.03 cm2/g for silicon and by
using the fact that a typical energy of the debris gamma is approximately 0.7
MeV. This cross section is valid from 200 keV to 1 MeV. The following
sections discuss the implications of the debris radiation environment and
consider the problems of shielding sensitive areas, such as the electronics,
and operating during this environment.

9. MITIGATION OF DEBRIS RADIATION ENVIRONMENT

Using the previous derivations, the debris radiation environment is on the
order of 3 x 1011 MeV/(cmz-s), for example, for a l-cal/cm2 fluence or a
multiburst scenario with one burst per 3 s [Equation (31)]. This number
corresponds to approximately 150 rads/s for silicon in a free-field
environment. Since these environments only last for a few minutes to hours
at most, the total dose accumulated is of no concern with regard to most
hardened electronics. Further, the dose rate is many orders of magnitude
lower than that which could be considered damaging to electronic parts.
However, the debris radiation environment is of primary concern with regard
to sensor detectors. It is particularly true of optical detectors such as
focal plane arrays. The debris radiation on these detectors causes
significant noise in the signal that must be considered.

It is essential that some action be taken to mitigate the debris radiation.
Two general techniques are recognized for designing against radiation. The
first is direct shielding where a relatively massive shield is required to
attenuate the radiation such that the level transmitted is within the
threshold of the sensors. The second method is to remove the radiation from
the surface of the space based asset. This only removes the plateout
radiation source and has no effect on the background radiation levels.
However, for a relatively long time after bursts, the plateout radiation
tends to dominate the debris radiation environment such that there are
periods of time when removal of the plateout radiation could be very useful.
These two methods of debris radiation mitigation are discussed below.

Using shielding to attenuate debris radiation tends to require relatively
large quantities of shield mass. A shield mass required to provide a
specific attenuation is, of course, dependent on the energy absorption cross
section of the material chosen for a shield. Glasstonel gives an approximate
average energy for debris radiation of about 700 keV. However, the energy
from a given threat must be specifically determined, since the average energy
can range from approximately 500 to 1000 keV.

To shield against this background radiation, a small spherical shield can be
envisioned that encompasses the focal plane array and leaves open only the
acceptance angle of the array. An active shield that closes during periods
of susceptibility could also be envisioned, although its cost would be
substantially higher. This open acceptance angle does allow for some direct
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radiation to the array and therefore limits the effectiveness of the shield
applied to the rest of the area. However, for relatively narrow field-of-
view sensors, this may be acceptable. For example, for a five-degree field-
of-view sensor, the area open is approximately 0.1% of the total area to be
shielded allowing shield effectiveness of up to 3 orders of magnitude.
Likewise, for a 15-degree angle of view, shielding of up to 2 orders of
magnitude can be accomplished.

To accomplish this shielding with minimum weight, uranium is the most
effective material. This is due to the relatively high density and high
cross section of uranium. Uranium has about a 50% greater cross section than
lead. However, it does provide a background radiation consisting primarily
of 47-keV photons with an intensity cf approximately 1000 photons per cmz/s.
If a continuous background level of this magnitude is a problem, a 1-g/cm?
lead shield can be applied inside the uranium shield to give a 3 order of
magnitude attenuation for this radiation.

The amount of uranium necessary to shield a l-cm-diameter sphere (the size of
a small focal plane array) and provide 1 order of magnitude attenuation
against 700-keV photons is 680 g. Likewise, for a 2 or 3 order of magnitude
attenuation, the required mass is 3.8 and 11.0 kg. The various shield
weights needed for a uranium shield around the l-cm sensor with varying
photon energies of 500 to 1000 keV are shown in Figure 12. While these
weights are not insignificant, they may be considered feasible with regard to
protection of small focal plane arrays on sensor platforms.

There are three general areas where the use of heavy attenuation shielding is
not considered feasible: (1) the space-based interceptor, in which mass is
at an extreme premium; (2) wide angle field-of-view sensors, in which
shielding the bulk of the surface with a thick attenuation shield is not
practical; and (3) large focal plane arrays for which the shielding weight
becomes exorbitant. In such areas, the combination of hardened sensor arrays
with less massive shielding may be the only acceptable alternative.

The second method for mitigating the debris radiation environment involves
removal of the plateout debris from the surface of the space-based asset.
Since this removal is much more complex than simple attenuation shielding,
and, further, is not capable of handling the background radiation
environment, plateout debris removal should be considered only when
absolutely necessary. Figure 5 shows that the single burst plateout
environment is limited to about 1011 MeV/(cales) and drops to 1010
MeV/(cales) at 10 s after a burst. Since the decay of plateout debris
continues at a logarithmic rate, a reduction in the debris amount by a factor
of 10 will be needed to have any significant impact in the environment. In
terms of removal of plateout debris from the surface of a space-based asset,
this means that 90% of the debris must be removed. Based on the previous
derivations of the plateout debris environment, the 90% removal refers to 90%
of the solid angle viewed by the focal plane array, so it may be adequate to
remove the plateout from a significantly smaller fraction spacecraft as long
as the solid angle from the array meets the 90% criterion. As was mentioned
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before, the debris radiation environment is dominated by the background
environment up to characteristic time z = 2, the time when the debris shell
has passed the spacecraft and is the same distance from the spacecraft as the
initial burst. After this time, the dose received from the debris plateout
quickly begins to dominate the debris dose environment.

A method of removing the plateout from the spacecraft would be employing
shedable skins. These skins would consist of a thin outer layer, which is
ejected from the spacecraft after the plateout debris arrives. This ejection
can be accomplished any time between a dimensionless time of one when the
debris has arrived and a dimensionless time of approximately 2 when the
plateout debris begins to become the dominant radiation factor in the debris
dose. On a generally cylindrical body, such as the space-based interceptor,
this ejected skin would have the form of a sleeve covering the sides, but not
the ends of the interceptor. This sleeve must be ejected at a velocity such
that it moves away from the spacecraft to quickly reduce the dose caused by
the plateout radiation. A membrane sleeve could be envisioned that is
ejected by means of compressed gas used to inflate, burst, and accelerate the
sleeve away from the spacecraft. Methods of releasing the shield from its
attachment, if such attachments exist, would also need to be considered.

Assuming that such shedable skins can be developed, the focal plane array
must still deal with the background environment. The worst case for the
background environment involves short characteristic times on the order of
1 s or less. Such characteristics times are considered credible, since a 1l-s
characteristic time corresponds to a 0.6-cal/cm? fluence from a 1l-megaton
burst assuming a debris velocity of 107 m/s. For higher debris velocities,
larger fluences, or smaller yield weapons the characteristic time becomes
less. For this characteristic time, the background debris radiation drops to
the value of 1010 MeV/(calss) at dimensionless times of about seven.
However, the longer the characteristic time, the more rapidly the
environment, in terms of dimensionless time, decays to the 1010 jevel.

To examine the issue of the amount of time off-line for a detector following
a burst, it may be useful to consider the effects of a specific yield threat.
Consider, for example, a l-megaton burst occurring at any of several
distances from the asset. The dose-time plot can be determined directly from
the previously derived equations. Since the burst yield is constant and
various distances to the asset are being considered, the equations should be
rewritten in terms of actual time rather than dimensionless time. This
allows the dose-time plots for several different bursts to be compared.
Rearrangement of the parametric equations for the background dose rate
results in the following:

I = 1n

GY vt + D
8xDvt(l + t)1'2 Jvt - D} +r

(32)
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where the yield in kilotons, Y, has been reintroduced and the debris velocity
v and a distance to the burst D have been included. For an assumed burst
yield of 1 megaton and a velocity of the debris of 10 m/s, the plot
presented in Figure 13 results. This plot shows an asymptotic behavior for
all burst distances at characteristic times greater than 1 (to the right of
the dose-rate peak caused by the passage of the debris front). The equation
for the asymptote may be determined by allowing vt to become large in the
previous equation. The result is

I, - &Y : (33)

LM rvt)2 + oyl-2

which may be used to determine the time at which the background dose rate
falls below a certain predetermined level for any given yield and assumed
debris velocity. Note here that the relationship is quite sensitive to
debris velocity assumptions. In the previous plot, the assumed debris
velocity of 102 m/s represents what has been previously determined to be a
likely lower limit to debris velocity. As the velocity is allowed to
increase to its upper limit of 106 m/s, the debris limit will decrease by 2
orders of magnitude. For any assumed threat yield and debris velocity, the
time that a given sensor will be inoperable can be determined directly from
Equation (33) or from Figure 13. 1If a single order of magnitude shield is
provided, the off-line time is reduced by a factor of about 2.4 based on the
time exponents of Equation (33). Further, for distant bursts there may be no
off-line time caused by background debris radiation. In general, the
distance at which a burst may occur and not cause an off-line period for a
sensor can be determined by evaluating the background parametric dose rate
equations for the condition z = 0. The result of this evaluation is

JthD
D~ = . (34)

such that for a given radiation tolerance of a sensor (Ip) and a yield of a
burst (Y), the maximum distance of the burst of concern (D) can be
determined.

10. SUMMARY AND CONCLUSIONS

Both the background and plateout debris gamma environments realizable from
nuclear detonation can be of concern to sensitive electronics in space-based
assets. Dose rates of 1011 MeV/(cmz-s) per cal/cm2 are obtained in
multiburst engagements with 1 burst every 10 seconds. Single bursts can also
provide debris dose rates of 1011 MeV/(cm2.s) per cal/cm? for several
seconds.
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The debris environment as derived and presented here shows that for focal
plane arrays, the shielding of small detectors with limited fields of view is
achievable by using attenuation shielding for sensor platforms. However, for
the case of very large sensors, wide fields of view, or for sensors on
interceptor vehicles, high hardness sensors and shielding will be necessary.
In addition, a technique for the removal of plateout debris from the surface
of the spacecraft may be required. While the requirement for shielding on
interceptor vehicles and the development of shedable skins from the vehicle
incur some mass penalty and additional complexity of the vehicle, it is
considered feasible, and the weight penalties are generally not extreme.
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