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MODEL 410 — THE SYSTEM AND
ITS OPERATION

A BRIEF DESCRIPTION*

Model 410 is the spacecraft system recommended by Martin for the
Apollo mission. Its design satisfies the guidelines stated in NASA RFP—302,
as well as a more detailed set of guidelines developed by Martin during the
Apollo design feasibility study.

We conceive the ultimate Apollo mission to be a manned journey to the
lunar surface, arrived at by the preliminary steps of earth orbit, circumlunar
and lunar orbit flights. Operational procedures proved out in the early steps
will be carried over into the advanced steps, thus establishing a high level of
confidence in the success of the lunar flights. With the recommended system,
manned lunar orbit missions can be made as early as 1966.

Operational Features

For a circumlunar flight when the moon is at its most southerly declina-
tion (Fig. p—1) the launch operation proceeds southeast from Cape Canaveral
and down the Atlantic Missile Range. The Saturn C-2 third stage shuts down
when orbital velocity is reached at an altitude of 650,000 feet. What follows is
a coasting orbit passing over the southern tip of Africa, the Indian Ocean and
up the Pacific Missile Range. In this interval the crew checks out all onboard
equipment, which has just passed through the accelerations, noise and vibra-
tion of the boost phase. If the pilot-commander is satisfied that all systems are
working properly, the third stage is restarted and the spacecraft is injected at
parabolic velocity northwest of Hawaii. If the pilot-commander is dissatisfied
with the condition of the vehicle or crew, he separates from the Saturn S—IV,
starts the mission abort engine, re-enters at the point shown in Fig. p—1 and lands
at Edwards AFB.

Continuing translunar flight from the point of injection, the trajectory
trace swings down over the Caribbean and then west over South America. This
particular trajectory passes within 240 naut mi of the moon, then turns back
for a direct re-entry some six days after launch. Re-entry occurs southwest of
Hawaii some 3300 naut mi from the Edwards AFB landing site.

Tracking. The range coverage provided by present and planned facilities
is shown in Fig. p—1 for this trajectory and for a second return trace repre-
senting the case when the moon is at the most northerly declination. This
second trajectory establishes the 10000-naut mi re-entry range requirement
for Apollo to meet the guidelines of operation on every day of the lunar month
and of operation into a single landing site.

*For more complete descriptions, see ER 12000 or ER 12001.
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Abort. During the critical launch and checkout phase, abort will be pos-
sible at any time : at the crew's discretion, automatically or by ground com-
mand. Up to nine minutes after launch (from Canaveral), the abort landing
is restricted to the AMR for a circumlunar flight. Beyond this point the pilot
has the option of continuing to any point along the AMR, PMR or into Ed-
wards AFB through the use of the mission abort propulsion system and the
inherent downrange maneuverability of the Model-410.

The Selected Spacecraft

The Apollo space vehicle (Model 410 spacecraft plus launching vehicle)
is shown in Fig. p—2. The spacecraft—that portion of the space vehicle which
makes the flight to the moon—consists of these three modules:

(1) Command module, housing the three crew members during all thrust-
ing periods, e.g., launch from earth, any corrections to the flight path
during flight in space, during re-entry and, ultimately, during landing
and launch from the moon. It is the operating center from which all
control of the flight is made.

(2) Propulsion and equipment module, containing all the propulsion
units which operate between the point of final booster separation and
re-entry after the lunar flight. It is separated from the command
module at 200 naut mi from the earth on the return trip. It is de-
signed with tankage for lunar takeoff and will be offloaded for less
ambitious missions.

(3) Mission module—contained within the outer frame of the propulsion
and equipment module—-providing space during the lunar voyage
for scientific observations and crew living functions.

Command Module

With its lifting capability, the Apollo command module represents a step
forward in technology over ballistic vehicles, Mercury and (to the best
of our knowledge the Boctok (Vostok). The lift results from the capsule's
shape—a blunted cone flattened on the top (see Fig. p—3).

Heating and radiation protection. The Model 410 is shaped conservative-
ly for aerodynamic heating in addition to its relatively high L/D (0.77). By
accepting the large convective heat load of a nose radius smaller than that of
the Mercury type, the Model 410 shape tends to minimize radiative heat trans-
fer which is less well understood and harder to protect against. The thermal
protection system provides excellent protection for the crew from the large
aerodynamic heat loads, from space radiation (including solar flares) and
from meteorites.

The normal mission radiation dose will not exceed the five rem limit de-
fined by NASA. If the crew should encounter a solar event as severe as that
following the May 10, 1959 flare, they would receive a dose of only 67 rem—
well within the 100 rem dose limit set by Martin as tolerable during an emer-
gency.
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Thermal protection for re-entry is provided by a composite shield of deep
charring ablator (nylon phenolic) bonded to superalloy honeycomb panels
which are set off and insulated from the water-cooled pressure shell. The con-
trol flaps are protected from the high initial heat rate by an ablator bonded
directly to the flap. The long-time, lower heating rates are handled by re-radia-
tion from the backside. The aft bulkhead is protected by a fiberglas phenolic
honeycomb panel with a foamed polyurethane insulation.

Crew provisions. The crew has access to all electronic and electrical equip-
ment in the command module for maintenance and replacement. Both pilots
have two-axis sidestick and foot controllers as well as a manual guidance mode
used with the computers inoperative for deep space and re-entry operations.

Cabin pressure is maintained at the equivalent of 5000 feet altitude ("shirt
sleeve" environment). Protective suiting is donned only for launching and
landing, but need not be inflated except in emergency.

Guidance. The guidance system consists of both automatic and manual
star tracking equipment, as well as two inertial platforms and two general pur-
pose digital computers. Two windows, with ablative heat shield covers, are
provided for use with tracking instruments.

Flight control. Pitch and yaw attitude control within the atmosphere is
provided by flaps driven by hot gas servos. Outside the atmosphere dual reac-
tion controls are used. Roll is controlled at all times by a dual reaction system.

Communications. Communications equipment includes a K,> band for re-
entry, a C-band for the pre-reentry and both HF and VHF rescue beacons for
landing and recovery.

Landing system. The landing system consists of a steerable parachute, retro-
rocket combination, enabling the M—410 to avoid local obstacles, trim out wind
drift and reduce sinking speed to a nominal three feet per second—low enough
for safe landing on any kind of terrain or in very rough seas. In the event of
retrorocket failure, accelerations on the crew will not exceed 20 G.

Launch escape propulsion system (LEPS). LEPS is a thrust-vector-con-
trolled, solid rocket system which separates the command module from the
rest of the space vehicle in the event of an emergency during launch pad oper-
ations or during boost through the atmosphere. In an off-the-pad abort, it
lifts the command module to an altitude of more than 4000 feet. During a
normal boost trajectory, LEPS is jettisoned at 300,000 feet.

Propulsion and Equipment Module

The propulsion and equipment module (shown in Fig. p—3) contains
propulsion devices and equipment which are not necessary for re-entry. Its
outer skin serves both as a load carrying structure and as a meteorite shield
for the propellant tanks, mission module and other equipment.

Propulsion devices. The mission engine, used for trajectory correction
and abort, is a high preformance, modified LR-115 (Pratt & Whitney), de-
veloping 15,600 pounds of thrust. A total of 10,450 pounds of liquid hydrogen
and liquid oxygen propellants may be carried, sufficient for lunar takeoff.



Four vernier engines, with 300 pounds of thrust each, are used for mid-
course correction, ullage impulse to settle the mission engine propellants and
for thrust vector control during operation of the mission engine. In addition
there are two sets of six control jets which provide 30 pounds of thrust for roll,
pitch and yaw control.

Power sources. Spacecraft equipment is powered by fuel cells (2 kw)
which under normal conditions, use the boiloff from the mission propulsion
system. A supply of independent reactants is provided for emergencies. Battery
power is used during re-entry.

Communications. Four large antennas fold out to provide S-band com-
munications and X-band radar altimeter information. VHF communications
gear is also provided.

Mission Module

The mission module provides 400 cubic feet of living space during the
lunar voyage. It serves as a midcourse work-rest area, providing freedom of
movement and privacy. For operations on the lunar surface it will be a base
of scientific investigations, and will serve as an airlock. The same "shirt sleeve"
environment at 12.2 psi is maintained as in the command module.

The mission module provides the space and flexibility required for effective
lunar reconnaissance and scientific experimentation. An Eastman-Kodak
camera-telescope has been selected, for example, which has one-meter resolu-
tion at lunar orbit altitude of 50 naut mi.

MODEL 410 WEIGHT SUMMARY

LUNAR LUNAR
MISSION ClRCUMLUNAR ORBIT TAKEOFF

COMMAND MODULE 6954 6954 6954

PROPULSION AND
EQUIPMENT MODULE 7372 13,192 15,618

LAUNCH ESCAPE
PROPULSION SYSTEM 185 185 0

ADAPTER 489 489 0

EFFECTIVE LAUNCH
WEIGHT 15,000 20,820 22,572



MOST

NORTHERNLY

DECLINATION

START PARKINS ORBIT

MOST]
SOUTHERNLY
DECLINATION

Circumlunar Ground Trace

Communications and Tracking Coverage

Fig. p-1 Model 410 CircumlunarTrajectory and Range Coverage
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CONFIDENTIAL

SPACECRAFT

SPACE
VEHICLE

ADAPTER
SECTION

LAUNCH
VEHICLE

(SATURN C-2)

COMMUNICATION
ANTENNA

WINDOWS

r
CONTROL
SURFACE

•

CAMERA
DOOR

CONTROL
SURFACE

THERMAL CONTROL
RADIATORS

PROPULSION AND .
EQUIPMENT MODULE

MISSION
ENGINE

ALTIMETER
ANTENNA

SEPARATION
PLANE

Fig. p-2. Model 410 Apollo Space Vehicle

CONFIDENTIAL

MISSION

CIRCUMLUNAR

LUNAR ORBIT

LUNAR TAKEOFF

EFFECTIVE
GROSS WEIGHT

(Ib)

15000

20820

22572

PROPULSION AV CAPABILITY

MISSION VERNIER

1830 525

6100 525

8600 200

VOLUMES (cu ft)

COMMAND MODULE 350

MISSION MODULE 400

MISSION H2 TANK 400

MISSION O2 TANK |22

PROPULSION SYSTEM DATA

PURPOSE

MISSION (1)

VERNIER (4)

ATTITUDE CONTROL
(14+BACKUP)

TYPE

H2 O2 ( . n . |g]

N2H4/UDMH-N2O4

N2H4/UDMH-N2O4

ISP.
(SEC)

427

3 1 5

250-315

THRUST
(Ib)

15600

300 EACH

15 TO 50



;

PILOT-COMMANDER
NAVIGATOR-PILOT
ENGINEER-SCIENTIST
MAIN CHUTES
MAIN HATCH
MISSION MODULE
VERNIER ENGINE
MISSION ENGINE
OXIDIZER TANK (LOX)
S-BAND PARABOLIC ANTENNA
TOROIDAL FUEL TANK (LH)
FLAPS
RETROROCKET
ASTRO-INERTIAL PLATFORM
ATTITUDE NOZZLES
FUEL CELLS
VERNIER PROPELLANT TANK
ALTIMETER ANTENNA
INTER-MODULE PASSAGE
HEAT SHIELD

Fig. p-3. Model 410 Apollo Inboard Profile
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SUMMARY

An Investigation has been conducted of the space radiation constituents to
which Apollo will be exposed.

The approach to the radiation dose analysis involves using the basic structure
and equipment for shielding, and analyzing the levels within the vehicle using
this shielding in a position corresponding to the actual vehicle geometry. The
detailed method of analysis separates the surface Into a large number of sec-
tions, defines the materials and their thicknesses in each of the sections and
determines the radiation transmission properties of the materials.

The emergent energy spectrum within the vehicle is found from the actual
incident spectrum which enables the RBE to be determined. This analysis
gives the dose rate, total dose, and dose distribution for any time during the
mission, and facilitates the determination and positioning of spot shielding.

The stream of heavy particles, mostly protons, emitted from large solar
flares presents the most critical radiation environment for the mission. The
predictability of the severity and occurrence of these events is questionable;
however, although thousands of solar flares are reported yearly, only a handful
emit dose-significant numbers of protons. Although the event probably cannot
be definitely established on a probability basis, there appears to be a good chance
of reducing exposure to a critical event by scheduling flights during periods of
reduced solar activity. The probability of exposure can be reduced approxi-
mately 2.4 times by using seasonal occurrence trends and by considering the
grouped occurrences of these events. If the missions are flown during the
minimal years of the sunspot cycle, the probability of exposure to a critically
sized flare is reduced an additional five times.

The dose within three different command modules and within a radiation
storm cellar has been determined.

Using as a model the severe event which followed the May 10, 1959 solar
flare, the total incident proton dose within the final configuration is 67 REM
based on utilization of the vehicle structure and equipment, jointly with spot
shielding. As a result of the rapid decrease of dose with Increasing absorber
thickness, the shielding afforded by the command module equipment is very
significant. It also is shown that detailed location of the equipment must be
considered when analyzing the radiation within the vehicle. Variation in the
spectral form is considered with regard to the resultant dosages.

A secondary neutron dose of about 2.5 REM is Incurred during this event,
giving a total combined dose of 70 REM. The probability of this happening has
been estimated to be once per year during the solar cycle maximum, so the
probability of occurrence during a 14-day mission is 0.037. Scheduling launch-
ings during the quiet sun seasons of the solar cycle minimum reduces this prob-
ability to 0.003 (with values between 0.003 and 0.037, depending upon the sun-
spot cycle phase and upon random or scheduled flights).

ER 12018"
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Using the data on the peak flux, energy spectrum and decay pattern for an
intense event on July 14, 1959, the dose within the command module is 360
REM from protons and about 40 REM from neutrons. The probability of this
occurring is about once in two years during the solar maximum or 0.018 for a
14-day mission. Applying the appropriate factors for scheduled launching, the
probability of receiving this dose is 0. 008 during a maximum year of the sun-
spot cycle and one-fifth this value during sunspot cycle

Detailed models of both regions of the Van Allen radiation have been pre-
pared, and resulting proton and neutron doses are determined for a number of
trajectories. The dose to the crew for any of the trajectories investigated lies
between 0. 06 and 0. 63 REM from the Inner Van Allen Belt protons. A neutron
dose of 0. 68 REM is incurred on the least favorable trajectory through the inner
belt. The bremsstrahlung production from the Van Allen electrons along the
least favorable trajectory lies between 0.4 and 2.0 REM.

A dose between 1.4 REM (during solar maximum) and 2.8 REM (during
solar minimum) would be received on the 14-day Apollo mission from galactic
cosmic rays.

The analyses indicate that normal mission radiation exposure totals between
2.2 and 9. 4 REM, depending upon the flight date and the trajectory selected. An
emergency condition (represented by a solar flare particle dose of 70 REM)
will not have a probability greater than about 0.037 during solar sunspot cycle
maximum.
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L RADIATION ENVIRONMENT

There has been no great increase in available data during the past six ^
months, but a number of significant improvements in the detailed considerations
and evaluations of the environment are now possible. This section, therefore,
is an expansion of the physical models given in ER 11245M. ^

A far more realistic model of the Van Allen Belts has been developed using
relationships developed by Yoshida, Ludwig and Van Allen (1960) which show
that the position of the belt is related to the dip latitude and scalar intensity of
the real magnetic field. In effect, the altitude of the belt varies approximately
800 km around the earth. The adiabatic invariant has also been noted to possess
an improved physical basis for determining the structure of the trapped radia-
tion. The theory and data given by Welch (1960) may offer a further improve-
ment in locating the trapped particles.

Figure I-1 shows the position of the inner belt over the earth. This position
is from the relationship found by Yoshida, Ludwig and Van Allen using an IBM
7090 program for a spherical harmonic fit to the magnetic field obtained by
D. Jensen of the Air Force Special Weapons Center. The energy spectrum and
particle fluxes were calculated using the experimental data of Freden and White
(1960), Van Allen (1959) and Van Allen, Mcllwain and Ludwig (1959).

Figure 1-2 gives the basic form for the proton spectrum and the intensity
near the lower boundary of the inner belt. Figure 1-3 shows the contours of
proton flux at one location. The experimental data have been extrapolated to
include all protons above 20 Mev (below the cutoff region of the thinnest mate-
rial of the vehicle).

Electrons in both inner and outer belts are the most abundant constituents
of the trapped radiation. Spectral measurements of these particles have been
made at only a few points at low altitudes. The energy spectrum again is
complex and is much steeper above than below 100 Kev. In preparing a model
of the electron distribution in the belts, spectral measurements of Holly (1960)
and Walt, Chase, Cladis, Imhof and Knecht (1960), and the Anton 302'geiger
counter data from a number of satellites and space probes (Van Allen, Mcllwain
and Ludwig, 1959; Van Allen and Frank, 1959a; Van Allen and Frank 1959b)
were used.

Figure 1-4 shows the form of the electron spectrum as derived by Dessler
(1960) from the data of Walt, Chase, Cladis, Imhof and Knecht. This form is
used in all regions where trapped electrons occur. The contours of electron
flux (above 20 Kev) are shown for one location (Fig. 1-5).

Some data on recent solar proton events have become available during the
last six months. From this information, it appears the events following the
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flares on May 10 and July 14, 1959 still rank as extremes In intensity. Table
1-1 shows data on solar proton events since May 10, 1959. Most significant is
the.variability of the energy spectrum with time, and the general flattening no-
telmi some of the measurements. This effect is included in the analyses.

Information also has become available on the predictability of solar flare
nts. Anderson (1961) has shown their predictability to some extent, hut for

times far less than the 14-day Apollo mission, and even for short prediction
times, the false alarm rate is fairly high.

The use of scheduled launchings to coincide with minimum seasons of solar
activity was shown by Adamson (1961) to be quite promising. A further im-
provement in this technique is tentatively indicated in the findings of Goedeke
(1961) which showed a regular movement in the solar activity seasons.
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Reference

Ney, Winckler and Freler
Protons from the Sun on
May 12, 1959, Phy. Rev.
Let.
8/15/59 V.3, N.4

Winckler and Bhavaar
Low Energy Solar Coamic
Rays and the Geomagnetic
storm of May 12, 1959,
JOR
Sept. I960 V.65, N.9

Winckler, Primary Cosmic
Rays.

Research Society Symposium
on Radiation in Space
5/10/60

Anderson and Enemark
Observations of Solar
Cosmic Rays Near the
North Magnetic Pole,
J3H Sept. I960 V.65 N.9

Date

5/10/59

5/10/59

3/H-
23/60

4/1/60

7/14/59

7/15/59

7/16/59

Flare

Start (1

2000
(10)

2055
(10)

0342

2115
(16)

Time (OT

Peak

2115 -
2150
(10)

2129
(16)

)

End

O200
(11)

OOJO
(17)

Location

1°' Quad-
rant
lat. 19*
long. 50*

20' N
47*E

Claas

3*

3*

Type II

Locatio

College
Alaska

College,
ilaeka

I Polar

Began

0100
(11)

0300
(11)

M hrs.
after
peak
2250
(16)

Cap Absorption

History

scale and >17db.
throughout latter
part of day on 5/11
and up to at leaat
1 700 on 5/12

in intensity until
1600 UT on 5/11/59

Maximum effect waa>
15 db. and enhanced

until 1200 (19)

x>catio

Minn.

Murmans
Oeo.
lat. 6V

Pioneer
V

'looser V

nferred

nferrs(

Resolutt
Bay
75*N
95°»

n

Began
Ended

0200
(12)

1500
(12)

1000
(11)

0400
(12)

1800
(12)

11-23
Mar . ' 60

1200U4/50

0600(14)

11«0(15)

0200
(18)

0730
(19)

0200
(21)

0400
(2<t>

0000
(26)

History

LGC-8 balloon reached peak
altitude (10gm/cm2) at 053
(12) increaae in vert, flu
of 103 C.R. bkgrd. giving
an integral flux of 106/
•2eoc ster with R).49BV.
Forbush decrease at Minn,
began 0300 (12) and peaked
0400 (12). .'. balloon
measurement at 0530 (12)

intensity of event (at

dence with Forbuah peak.

Rapid rise above C.R. bkgrd
ibove 50 gm/cm2. About a

ikgrd. • 10 gm/cm2. Not
>bserved at Moscow, 51* or
it 41° geomag.

»nergy spectrum decreased

peak altitude. S.C. 2320

•ide Porbush decrease. De
:rease reached bottom 0400
'12). Magnetic storm
ibated 2000 (12) .'K' Index
•cached 9 for approximate!;

that the low-energy C.R.
appeared at Minn, only dur-
.ng terrestial mag. storm.
It is also certain that a
lontinuous flux of theae

lours after the flare and
:ontinued in an interrupted
lut slowly decaying stream

•rotone, alphas 102-1011Mev

•rotone 40-500 Mev

*otons 40-500 Mev

'rotons 40-500 Mev

'eak altitude (6gm/cm2)
reached at 0330(18). Flux
leereaaes generally in a
iteady manner unaffected
ly late magnetic storm ef-
fects or by admission of
irotons south of Resolute
lay (as shown by riometer
it King Salmon which in-
licated particles allowed

)700 (18))

iteady decrease with some
ilateaua (record goes to
.700(21))

Jecreaae plateaua and
imall rise after 1200 (24)
record goes to 2000 (24))

bove C.R. bkgrd. at 1600
27)

Quantltal

Spectral

N>B . 7500R'6.-8

R in BV and K li
«/ m2 sec ster.

N(E)dE . KE-4-8
dE
110 Hsv<E<22p
Mev

derived
N>E . 8.43 x

N>E105/cm2eec
ster
51-5 ; 2.47 x
109E-3-0
30.2 , 1.45 x
10'E-'-8

10.9 - 1.23 X
106E-2-5
1.7 ;j7g46 x

2.5/cm2sec

30/cm2sec

5.5 x 10*/cm2se<

6500/cm2eec

n(E)dE . E-^-JoI
85<E<400

0200 - 0400(18)

n(E)dE .
KE-6'ldE

85<£<300
0130 - 0400(21)

where t>1.2 daya
peak (2200 - 16)
N.( E,t) .
15 x 10Iot-3H

exponent aeems

changes not de-
tectable late

Ive Data

Temporal

Intensity de-

witb time after
abrupt beginning
of event i drops
a factor of ten

approximately
exponentially
•ith time

derived
T T ff» 575t
t " ol

tioure

peak 0539 (12)
«g- 0539 - 0800

(12)
nvg. 0800 - 09̂ *0

(12)
avg. 09̂ *0 - 1300

(12)

following flare
and 85<E<300Mev

"•part/cm̂ ec .

1.34 x 102/c«2

i '

!
1.

"... changes in the snipe of the spectrum
are a property of the geomagnetic field of
the earth acting on the solar proton be*™

can tell, the polar cap effects continue
without change, other than the steady decay
during the period in which the geomagnetic

served at Minn."

i

i
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Beference

Quaert Erbe. Pfotcer , Anger,
and Brown
Observation of Solar Flare
Radiation and Modulation
Effects at Balloon Alti-
tudes
July 1959 JOB
V.65. N.9 Sept. I960

Brown and D'Arcy
Observation of Solar Flare
Radiation at High Latitude
during the Period July 10-
17. 1959
Phys. Rev. Let. V.Jn.8
10.15-59

~

Anderson, Chasson, Liuschity
ajid Suda
Solar Cosmic Ray Outburst
of May 4, I960
JOR V.65, n.12
Dec. 1960

Brode, Brown, and Steiger
Solar Flare Cosmic Ray
Increase of Kay 4, I960
JOB V.65, n.12
Dec. I960

VanAllen and Lin
Outer Radiation Belt and
Solar Protons Observations
with Explorer VII during
March-April I960
JGR Sept. I960 V.65, n.9

also

VanAllen and O'Brien
Progress Report on Inves-
tigation with SUI Apparatui
on Exp. VII
RASA News Release 60-184
April 29, I960

Flare

Date

7/10/59

7/14/59

7/16/59

7/10/59

7/14/59

7/16/59

5/4/60

i/4/60

">/V60

Betw
oc

Start (1)

0210
(10)

0342
(14)

2115
(16)

1015
(4)

1020
(4)

0845
(1)

en 10/i:
asions

Tin. (01

Peak

r>
End

1105
(4)

1222
(1)

i
'59 and
y the Ef

!

./29/60
)lorer V

Location

rotons wit
I counter:

Class

^
J.

3*

3«

3.

v

3
limb

a

limb

i E 3

Type II

Location

College

Thule

>Mev wer(

Polar

Began

0945
(1)
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H. RADIATION ENVIRONMENT WITHIN THE SPACECRAFT

Much of the earlier research in this area has considered the radiation dose
within a spherical vehicle or shield comprised of one or two uniformly distri-
buted elementary materials. This choice of geometry, material and material
distribution greatly simplifies the work, but gives a limited approximation to
the actual situation because manned space vehicles are not hollow spheres of
lead or aluminum. Also, early manned space vehicles are greatly limited in
weight and volume, so the use of chambers to specifically shield against radi-
ation may not be feasible.

Because of this, one of the first steps in providing radiation safety is to de-
termine the shielding effects of the structure and other components of the actual
spacecraft. This gives a detailed picture of the radiation from which to com-
pare a number of alternate configurations with consideration to radiation dose.
It also is possible to compare alternate materials and distributions for maxi-
mum protection. This information can be used to determine optimum place-
ment of interior equipment and "spot" shielding against radiation. The basic
features of the IBM 7090 shielding codes follow.

(1) The vehicle surface is divided into a number of sections (448 for the
Model 410) and represented as an area, distance and angle to a given
interior dose measurement point. The geometrical analysis of the
vehicle for the proton secondary program is different and is describ-
ed later.

(2) The radiation transmission properties of actual compound materials
(such as cobalt-nickel-chromium-tungsten steel or nylon-phenolic
ablator) are determined. These material properties are considered
as different thicknesses for each section (20 materials in as many as
10 layers in each section). Remotely located materials in the aft
modules are also considered.

(3) Compound rather than simple energy spectra are used for each of the
radiation constituents. These spectra can change form and intensity
as functions of time and position.

(4) The emergent energy spectrum (within the vehicle) is determined and
an effective RBE is determined for each incident spectrum. This can
be done for each area of the command module.

(5) The dose rate, total dose and geometric dose distributions are calcu-
lated at any time or position or at mission termination. The dose
distribution is useful in determining where the structure should be
shielded to eliminate hot spots.
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(6) Secondary neutron and gamma dose rates, doses and geometric dose
distribution are computed.

(7) By adding additional reaction production inputs we can do the same
for other secondaries such as mesons.

(8) The dose distribution through the human body at varying depths can be
determined during the initial computations by considering the body as
a number of layers of additional material. Because a limit of ten
layers per run exists, a hew computation using the vehicle-emergent
spectrum as a man-incident spectrum is begun, and dose distribution
over and within the body may be obtained in very great detail.
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ILL PROGRAM FOR EVALUATING RADIATION DOSES FROM PROTONS

The vehicle surface is divided into a number of small area elements dA (Fig.
m-1). The number of protons (dN) per square centimeter per second having an
energy between E and E + dE and contained within a cone of solid angle (d/L) in-
cident on the area element (dA) is determined from the proton differential
kinetic energy spectrum

dN = F (E, t) dE dJT

where F (E , t) is the proton energy distribution function.

Range tables for a number of elementary materials of the spacecraft were
used in the program (Aron, Hoffman and Williams, 1949, Rich and Madey,
1954). Proton range tables also were compiled for 10 compound materials of
the spacecraft. A maximum of 10 different material layers can be considered
in any calculation. Table m-1 shows the materials considered in the incident
particle calculations.

The proton energy corresponding to a given incident energy after passing
through a particular material is obtained from the tabulated range energy tables.
Using a value Ei for the incident energy, the proton range RI (Mjj1 , Ei) was de-
termined. The residual range Yij ̂ Twas then computed from the relation

Yij (J ') = Ri (Mjj T ' By 0 ' -1) ) -Ljj .

where Ljj ' is the actual thickness of material through which the proton passes
for the j area element, and EIJ(J '-!) is the energy of the proton after passing
through the preceding material. For the first material, this energy corre-
sponds to the incident energy. The energy of the proton after passing through
the material is determined by using the energy in the range-energy tables which
corresponds to the residual range. This procedure was repeated for all ma-
terials and equipment.

The number of protons emerging with energy Ef j'is the same as the number
which are incident with energy EI, (neglecting straggling), so the number of
protons incident with Ei which pass through the j area element and emerge with
energy Ei j1 is

dNij = F(Ei j , t) dE dSly, E I J ' (Ei)>O .

= O-, Ei i /. O .

The proton energy spectrum is determined by establishing up to 250 energy
groups between the energies 0 and 700 Mev. When an emergent proton energy
was computed, the energy group containing this emergent energy was ascertain-
ed, and the number of protons previously computed was added to that group. In this
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TABLE m-1

Code No.

1

2

3

4

5

6

7

8

9

10

Apollo

Material

Hydrogen

Carbon

Oxygen

Ablator, I

Insulator ADL-17

Water

Glass phenolic
honeycomb

Aluminum

Insulator Linde

Materials

Code No.

11

12

13

14

15

16

17

18

19
Super I

Nylon-phenolic
ablator, n

20

Material

Foamed polyurethane

Beryllium

Superalloy

Fused silica

Equipment composite

Copper

Components composite

Lead

manner, the internal proton differential kinetic energy spectrum is obtained.
The number of protons per square centimeter per second emerging with energy
between E' and E' + dE' and contained within a cone of solid angle (d-TL) is

dN = KF' (E« t) dE'dlL.

If the dose rate corresponding to a proton flux of one proton per square
centimeter per second is QP (E!), then the dose rate is

dD1 = KFl (E',t) Qp (E') dE'd/L.
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The exact nature of the function Qp (E') depends on the radiation dose units
used, but it generally measures the rate at,which energy is deposited In some
material. The dose rate was measured in units of RAD per second, so that

Qp = rad/sec/proton/cm^ -sec
water

where p is the mass density of water andldE is the energy deposited
water

per centimeter of water, measured In ergs per centimeter.

This represents the dose rate measured by a small detector in the interior
of the vehicle, resulting from protons passing through the area element dA and
emerging with energy between E ' and E ' + dE '. The total radiation dose rate
from primary protons measured by this detector is the sum of the dose rates
from all area elements and proton energy increments. This summation is per-
formed by integrating over all emergent proton energies and over the entire
solid angle. By locating the origin of a coordinate system at a point in the ve-
hicle Interior where the radiation dose is computed, the integration over the
solid angle can be transformed to an integral over the surface of the vehicle, by
the relation

d/L = cos 0

where r = the distance from the origin to the differential area element (dA)
G = the angle between the normal to dA and the line drawn from the ori-

gin to dA.
Thus, the total dose rate is

oO

KF (ET , t) Qp (E1) cos 9

S o

The value of the dose rate as a function of time can be obtained by numerical
integration and then the radiation dose

D = D'dt
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can be evaluated using the time dependence given by the differential kinetic en-
ergy spectrum. For solar flare protons, the energy distribution function Is re-
presented by

F(E , t) = K E ~ a

F < E * * ) = r n -b -aK [C, (t-to) + 1] DE . t± t

where to = the length of time during which the Intensity is approximately constant
t = the time In hours after the arrival of the Initial proton flux. For

example, the energy spectrum for protons arriving from the sun on 12 May 1959
was represented with the following values.

a = 4.8

b = 3/2

to = 1
Q '4'8/ 2K = 9.39 x 10a protons- mev /cm -sec-mev-ster

(peak value 5/12/59)

The constant a is approximately the same for most solar flare events, although
the intensity measured by K is different. The values of to and C j are not firm-
ly established. Some data indicate that Cj should have the value 1/24 so time
is effectively measured in days, and to should have a value of several days.
There also is evidence of more rapid time decays of intensity, one giving a
value of b = 2 and another an exponential decay such that the Intensity varies as
e-0»575t. The IBM programs are capable of handling complex spectra (up to
10 terms) which vary in time and space. This flexibility is Incorporated even
though current data do not call for this much detail.
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For the proton constituent In the Inner Van Allen Belt, the basic proton
differential kinetic energy spectrum shown in Fig. 1-2 is represented by

dN = 0.117 K(a, X , 0) E~°' 742 104. E< 56. 5 Mev

dN = 0.808 K(a,^ , 0) E"1*22 56.5<E4130 Mev

dN = 4.387 K(a,^, 0) E"1'57 130<E<320 Mev

dN = 52.42 K(a, X, 0) E~2*00 3 2 0 < E < 7 0 0 Mev

where K(a, ̂  , 0) is proton flux at an altitude a, latitude X and longitude 0.
The values of proton flux are tabulated for the inner Van Allen radiation belt
relative to a polar coordinate system the origin of which Is located at the center
of the inner radiation belt. The location of this origin varies in altitude and
latitude as a function of longitude, in accordance with the real magnetic field of
the earth. By connecting the trajectory program to the radiation program, the
coordinates of trajectory points and the time interval between trajectory points
are inputs to the radiation program. After the coordinates of a trajectory
point are inserted, the value of the proton flux is determined from the tabu-
lated values. Using this value for the proton flux, the radiation dose rate at
that trajectory point is computed. From the dose rates at all trajectory points
within the inner Van Allen radiation belt and the time interval between trajec-
tory points, the radiation dose is evaluated by numerical integrations.
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IV. PROGRAM FOR EVALUATING RADIATION DOSES FROM ELECTRONS
AND BREMSSTRAHLUNG

The surface is divided into a number of small area elements as previously.
The number of electrons (dN) per unit area per unit time having energy be-;
tween E and E + dE and contained within a cone of solid angle (dlL) incident on
an area element (dA) located at the point (x, y, z) is

dN = F (E, x, y, z,<X,JB, t) dE d/L (1)

where <X = the angle made by the axis of the cone with the normal to the area
element dA at the point (x, y, z)

ft = the angle which the projection of the axis of the cone onto the area
element makes with an arbitrary line tangent to the area element at the point
(x, y, z).
If the particle radiation is isotropic, the differential kinetic energy spectrum is
independent of angles o< and C. The incident radiation is assumed to be iso-
tropic for the present application, and the differential kinetic energy spectrum
is a function of the spatial coordinates and time. For this case, Eq (1) is
written in the form

dN = F(a, X, 0, t) dE dIL (2)

where a = the altitude
X = the latitude,
0 = the longitude
t = the time at which the vehicle is at these space coordinates.

The particles incident on dA enter the walls of the compartment. These
particles which penetrate the walls emerge with an energy less than the incident
energy. The amount of energy loss (neglecting straggling) can be determined by
integrating the differential equation for the stopping power of the material. The
energy transfer from the incident particle is possible because of ionization of
the material, the production of Bremsstrahlung, nuclear transformation, pair
production and/or fission.

The particle energy range here is limited to that for which electronic ex-
citation (including ionization) and Bremsstrahlungproduction in the attenuating
material are the dominant energy transfer interactions. Consequently, the
particle energy dissipated per unit length of material transversed is

dE
dx

(3)
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where dE is the energy per unit length dissipated due to ionization and atomic
dx i

excitation of the material and dE is the energy per unit length dissipated due to
dxB

Bremsstrahlung production in the material. The relative importance of these
terms is often given by the approximate equation

EZ

1600 me2 (4)

where E = the energy of the particle
m = the mass of the particle
c = the velocity of light
Z = the atomic number of the stopping material.

Thus, for incident particle energies which are small relative to the rest mass
energy (mc2) of the incident particle, the Bremsstrahlung production is not
significant.

Theoretical expressions have been developed for the energy dissipated per
unit length, of material traversed because of ionization and atomic excitation and be-
cause of the production of Bremsstrahlung. These expressions neglect strag-
gling and are written as general relations

FdEl = -Gr (E)— •"• and
[dxjl

[Ml =-G B (E)
Ldxjfi

Using these relations, the total energy per unit length of material traversed
dissipated by the Incident particle is

dE = -G(E)
dx

where G(E) = Gj +

The emergent particle energy, neglecting straggling, is determined by in-
tegrating this differential equation. If the actual thickness of material presented

ER 12018



R-IV-3

to the particles is T, then

R O
dx = - r dE

o E G(E)

R = H(E)

where E = the Incident particle energy
R = the range of the electron in the material. For ionization and

Bremsstrahlung losses, the Bethe-Heitler relationships are used. The elec-
tron energies are determined in the same manner as proton energies in the pre-
ceding section (from residual range after passing through the material).

The number of electrons which emerge with energy EI j'are equal to the
number which are incident with energy Ejj t neglecting straggling.

Thus, the number of electrons incident with energy Ej which pass through
the j area element and emerge with energy En' is

dNjj = F(E^ t) dE cLft_J; Ej j' (Ej) > O

(5)
dNjj = O; E- i j ' ^ O.

The electron energy spectrum was determined by establishing up to 250
energy groups between 0 Kev and 3 Mev. When an emergent electron energy
is computed, Hie energy group containing this emergent energy Is ascertained,
and the number of electrons as previously computed is added to that group. The
internal electron differential kinetic energy spectrum is then obtained. The
number of electrons per square centimeter per second emerging with energy
between E' and E' + dE' and contained within a cone of solid angle (d-Q_) again
is

dN = KF'(a,X, 0, t) dE' dSL . (6)

The radiation dose rate corresponding to a flux of 1 electron per square
centimeter per second is represented by Q(E') so the radiation dose rate dD'
from a single differential area element and from electrons with energy between
E1 andE' +dE T is

dD' = QF' (a, X, 0, t) dE' dfL. (7)
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The total particle radiation dose rate then is obtained by numerically integrating
this expression over all energies E1 and over the entire solid angle.

D' = Q(E') F1 (a, 7L , 0, t) dE' d_fL . (8)

The quantity of energy per unit length of path traversed — deposited by
UX D

the primary electrons is transformed to short wave length electromagnetic radi-
ation. Because the relaxation length for very short wave length electromagnetic
radiation in matter is usually much longer than the relaxation length for parti-
cles passing through matter, the electromagnetic radiation (bremsstrahlung)
may contribute significantly to the radiation dose in the interior of the compart-
ment. In the following discussion, the bremsstrahlung production is assumed
to be radiated in the same direction (forward) as the radiating particle. For
particles with relativistic energy, the bremsstrahlung radiation is nearly all
radiated forward. This approximation is very good for particles with energy
far greater than the rest mass energy of the particle.

The number of interactions WCO)per unit area per unit solid angle per unit
length per unit time producing photons with a frequency between >i and + dv)
is described by

E'(L)
W(\) ) = r max NQO- (E1,^ ) F1 dE1 d^ (9)

O

where No = the number of atoms per unit volume of stopping material
F' = the number of electrons per unit area per unit energy per unit time

with energy near E' as defined previously
O" (ET ,N ) = the cross-section for bremsstrahlung production of photons with
frequency near 0

L = the distance the particle has penetrated into the stopping material.
The photons produced are emitted in the forward direction, and some are ab-
sorbed by the stopping material. The net change in number of photons per unit
area per unit time per unit length per unit solid angle is

dn +///? = W(\)). (10)
dL

If no electromagnetic radiation is incident on the vehicle skin, the number
of photons per unit area per unit time per unit solid angle at a depth L can be
written

n = FB (L,0 , a,A, 0, t) (11)

where FB (L,^ , a,'X, 0, t) = e ~^L J* eAL' W(\), E', L, a,X, 0, t) dL.
o

I
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The electromagnetic radiation dose rate corresponding to a flux of one photon
per square centimeter per second Is represented by QJJ (\)) so the electro-
magnetic dose rate dD1 from a single differential area element and from pho-
tons with a frequency between N) and ^ + d ̂  is

{ \) ) ±B ^,N , a, /x, v, t; a\

The total bremsstrahlung radiation dose rate is obtained by integrating this
expression over all frequencies ̂  and over the entire solid angle _O_.

r s>max N
D'B =JJ QB ( ^ ) FB (L,V , a, X, 0, t) dV d/L. (12)

-ft- 0 mln

Eq (8) represents the radiation dose rate received from particle radiation, and
Eq (12) represents the radiation dose rate received from the resulting Brems-
strahlung radiation. The total dose rate (D'T) received in the sum of these two
dose rates then is

D'T = D! D'B (13)

The integrated radiation dose (D) is determined by Integrating Eq (13) over
the time during which the vehicle is exposed to radiation.

D = D' dt (14)

In evaluating this integral, the dose rate (D*) represents the radiation dose rate
from all sources. This integral can be transformed to an integral over the
vehicle trajectory. If the position of the vehicle Is r, the vehicle speed is

= dr.
dt

Eq (14) can be written:

D =
rf

— dr (15)

To evaluate this line integral-, Eq (15) is integrated along the trajectory
where ro and rf respectively are, the distance of the initial and final positions
of the vehicle from the origin of the coordinate system.
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For the Van Allen Belt electrons, the differential kinetic energy spectrum
shown in Fig. 1-4 is represented by

dN = 1.041 X 10~2 K (a.-X, 0) E -.1315 , 2 0 < E < 9 5 Kev

dN =2.233X10~1K (a,^, 0) E~'8087 , 95 <E <165 Kev

I _i 7^45
dN = 2.486 X101 K(a,'X, 0) E * , 165 <E <195 Kev

dN =2.041X108 K(a/X, 0)E~4*749 , 0.195 < E <3 Mev

where K (a, Xt 0) is the electron flux at altitude a latitude Xand longitude 0.
The electron fluxes were tabulated for the Van Allen Belts relative to a polar
coordinate system positioned in the same manner as the proton fluxes. This
radiation program also is connected to the trajectory program on the IBM 7090
and is evaluated in the same manner as the program for protons.
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V. SECONDARY PARTICLE RADIATION DOSE DUE TO
PROTON NUCLEAR INTERACTIONS.

A. GEOMETRY

For the evaluation of radiation dose from secondary particles formed In the
walls of the command module of a spacecraft, the geometry Is determined
differently. The analytical model consists of shells bounded by concentric
ellipsoids of revolution; each shell defines a different material region. The
geometrical configuration of the model is depicted in Fig. V-l. These sur-
faces are not necessarily parallel, but are specified to approximate actual
bounding surfaces for the materials in a command module. Several variations
desired of the material regions include: (1) cases where the thickness of a
material region at the semiminor axis is less than or greater than the thick-
ness at the semimajor axis and (2) cases where the vector Aj is not in the
plane which contains the X1 Y' axes. These geometrical cases are shown in
Figs. V-2a through V-2d. The various equations for the computation of geo-
metrical quantities for the above cases are given in Chapter V, Section E.

, The number of numerical integrations to be performed over the variables
<p , cos -9-and r^will determine the number of secondary particle source

points. These selected quantities are based on the configuration and vary
with different configurations.

B. PHYSICS

When charged particles pass through matter, one of several effects is
nuclear interaction. The method discussed in this section concerns the for-
mation of secondary particles by proton interaction with the nuclei in the
walls of the command module of a spacecraft, and the computation of radiation
dose inside the command module due to these secondary particles.

The proton radiation considered comes from solar flares and the Van Allen
Belt. The solar flare proton energy flux Is assumed to be distributed isotrop-
ically in outer space (this assumption also applies to Van Allen radiation). Pro-
tons are entering the surface of the command module in like proportions from
all directions. In the computation of the volume source strength described in
Chapter V, Section E, the summation over the incident angle y Is accomplished
by the IBM 7090 by accumulating the sum of proton fluxes within a large number
of internal proton energy groups. S cattering of the protons on entering the
material regions is negligible.

At the surface of the first encountered material region, the proton energy
range and energy flux spectrum is that of the external proton radiation en-
vironment. After entering the first encountered material region, the proton
energy range depends on the material and thickness encountered. An internal
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spectrum results, having a form different from the external spectrum, but the
number of protons with external energies between EQ and EQ + dEo Is equal to
the number of protons with Internal energies between E and E + dE. The pro-
ton spectrum and energies of protons within a material region are designated
as the Internal energy flux spectrum and the Internal energies. The internal
spectrum and energies are functions .of the external energy; therefore, the
external energy Is used In the computation of both internal fluxes and energies.

A restriction on the proton energy is necessary for determining the accepta
bility of the proton flux of a particular proton energy group. Only those pro-
tons with energy capable of causing the nuclear reaction being considered are
actually used in the dose rate computation. The energy of the proton at the
surface or any point In a material region falls within the energy range covered
by the reaction cross section for the particular nuclear reaction under con-
sideration. The reaction cross section energy range is defined by ( £

The external and internal proton energy grouping schemes are each divided
Into four Intermediate energy ranges, each with a constant energy interval.

The internal proton energy is computed from the range energy relationship.
Then, the internal proton energy group is. determined, and the proton flux is
tabulated for that energy group. The proton flux is accumulated until the jsand
2T'$ are exhausted. This yields the total proton flux at each source point in the
material regions. The energy -dependent data for that particular proton energy
group is used jointly with the computed internal proton energy and flux in the
group to compute the volume source strengths for each source point. The
radiation dose rate is computed for each acceptable energy group and for a
particular reaction in each material region. Energy grouping is discussed in
Chapter V, Section C, "Energy Groups" subsection.

The external proton energy flux and external energies are used in computing
the volume source strengths at the surface of the first encountered region. For
all other volume source strength computations, the internal proton energy flux
and energies are used. The volume source strength for an energy in a specific
energy group at a particular point in the material region is used in computing
the radiation dose rate from that particular point. The equations necessary
for the computations are presented in Chapter V, Section E. The computation
of radiation dose follows the general procedure stated below.

(1) The first energy group and proton flux is determined.

(2) The volume source strength for the energy which falls into the
current energy group is computed for r" =0.

(3) The first term in the numerical integration over r"m is computed.
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(4) The current value of r'm is Increased by A r" and the volume
source strength for the energy which falls into the current energy
group is computed.

(5) The corresponding term in the numerical integration over r"m is
computed.

(6) Steps (4) and (5) are repeated until r"m = r"
m.

(7) The final term in the numerical integration over r"m is the first
term in the numerical integration over cos •©• ( a) ) .

(8) The current value of cos -9- ( (j) ) is Increased by A cos -9- ( <p ).

(9) Steps (2) through (8) are repeated until cos •& ( $ ) = 1.0.

(10) The final term in the numerical integration over cos-©- ( <> ) is the
first term in the numerical integration over 0 .

(11) The current value of (f> is increased by Z^ (p .

(12) Steps (2) through (11) are repeated until <£ = 2 If .

(13) The final result is the radiation dose rate from the m**1 material
for the jtn proton energy group.

(14) J is increased by 1 and steps (2) through (14) are repeated until all
applicable energy groups have been considered.

(15) The summation over the energy groups is performed yielding the
dose rate from the m*n material region.

(16) Steps (2) through (15) are repeated until the dose rate contributions
from all the material regions have been computed.

(17) The summation over the material regions is performed yielding the
total dose rate.

(18) The total dose is computed.

C. SPECIFIC REACTION TYPES

In general, this method may be used to compute the radiation dose from
secondary particles resulting from an A (a, b) B reaction, where A is the target
nucleus, a is the incident proton, b is the emitted (secondary) particle, and B
is the recoil nucleus.

lit

ER 12018



R-V-4

Currently of interest are the A (p, xn) B, A(p, xp)B and the A(p, If ) B
type reactions.

In the first reaction, a neutron or a number of neutrons (depending on the
value of x) maybe emitted as secondary particles. The (p, n), (p, 2n) . . . .
reactions are, In general, the dominant reactions for protons of energy
greater than 1. 0 Mev. The threshold energy for a (p, n) reaction with stable
target nuclei always exceeds 0.78 Mev. Actually, the (p, n) threshold energies
are very high for the light nuclei and the lighter intermediate nuclei. This
threshold energy is used for establishing value on the minimum proton energy,
( £ ) , which would be considered in the computation of volume source

min m
strength due to secondary neutrons formed by a (p, n) reaction. The maximum
energy ( £ ma-*)™ to De considered also depends on the reaction being con-
sidered,
and ( 6

max'm
The following examples describe the limiting energies ( 6 mm)m

max'm
considered.

*ne *nree tyPes °f proton-neutron reactions that may be

Example 1: (p, n) reaction

How ( £ min^m *s ae^ec^e^ f°r th*8 reaction is stated above.
The selection of ( £ max)m

 is mac*e by inspection of the
plot of reaction cross-section versus proton energy.

Example 2: (p, 2n) reaction

Both ( £ min^manc^ ^ ^ max^m are selected upon inspection
of the plot of reaction cross-section versus proton energy.

Example 3: (p, xn) reaction

Both ( f mm)m and ( £ max)m are selected upon inspection
of the plot of reaction cross-section versus proton energy.

There are existing data which give the average energy of the secondary
neutron particle and the value of x and (p, xn) reaction cross section. For a
(p, n) or (p, 2n) reaction, the number of secondary particles is known, but
the average neutron energy is generally not given and the method of computa-
tion is not firmly established. The average energy of secondary neutrons
must be selected through available data and expected average neutron energies
from the particular reaction being studied.

Protons with an energy below the threshold value produce only elastic
scattering inelastic scattering (P, P'), (P, TT ), radiative captures and per-
haps (P, °< ) reactions. Of Importance in this evaluation is the (P, J') reac-
tions where a gamma ray is emitted.
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In the A (P, T ) B reaction, a gamma ray is emitted in the transition of
the recoil nucleus to the ground state. This process is important for protons
with energies over 0. 5 Mev. The reaction cross section is generally highly
resonant, and if this is the case, only one proton energy will have a large
value of reaction cross-section. Only a single proton energy is considered.
To ensure a reaction, the quantities ( £ ^J™ and ( € mojm are assignedin iiicLx. in
values slightly below and slightly higher than the resonant proton energy. The
energy of the gamma ray and the value of the reaction cross section are inputs
determined from basic data. If the cross-section data for a (P, Y ) reaction
indicates a reaction similar to the (P, n) reaction, the selection of ( £ min)m

and ( 6 r^oJ™ Is made in the same manner as for the (P, n) reaction.zn

The macroscopic reaction cross-section data for input will be prepared by

v in'24
cr mj x 10

where

f = weight fraction of the element in the material region

f = the natural abundance of the isotope being considered

P (grams/cu cm) = the density of the element being considered
nn

N = Avagadros' number (6. 023 x 10 atoms/gram-atom)

A = the atomic weight of the element being considered

o~ mi = *ne macroscopic reaction cross-section in barns

10~ = the conversion from barns to sq cm.

The absorption cross-section data for input is prepared by using the following
relationships.

For elements

BTIIJ = ̂  0 cr Rmj x 10
A

where cr R , = the microscopic cross section (barns) for the element being
considered.

All other terms have been previously defined.
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For compounds

where

( _ No- x 10 -24

P m = the density (grams/cu cm) of the m material region

(fw)^t = the weight fraction of the element in the material region

subscript JU, denotes the/4. ^ element in the material region.

All other terms have been previously defined.

Energy groups. Input data which are energy dependent are determined by
the following f

^E1= 2.0

1 i l |
! M !

> 1

>roton energy -grouping scheme.

*E2 = 4.0

, i | i • i | ! I
i i i i ' i ' ' '

i i i i
i i i i i l i i i

) 5

&Eg = 10.0

I ' M1 i 1
i t ,
1 I I I

D 1

&E = 20.0

I I I ' !
. i l l 1

! i i i ii i i i i

30 £ imax

A Ej for J=l to 5

AE 2for J=6 to 15

A Eg for J=16 to 20

A E^ for J=21 to 65 (The maximum number of energy groups)

The average energy of each proton energy group is computed by

E L TP t 1
T • Jj T ' J.

in d d

d 2.0

The energy-dependent input data are determined for the average energy of the
j energy group and listed accordingly.

The variable energy interval widths, Ej, A. E2,Z\ Eg and Z\ E4 are
set internally in the machine program.- Application of the various energy inter-
val widths depends on the value of J as shown above.

ER 12018



R-V-7

D. ANALYTICAL TERMS

Algebraic
Name Definition

X', Y', Z' - The axes of the coordinate system of each elliptical surface
the origin of which is at 0'.

X, Y, Z - The axes of the coordinate system the origin of which is at
the dose point, 0.

A A A
i, j, k - Unit vectors along the X', Y' and Z' axes, respectively.

i - Subscript i denotes the elliptical surface 1 = 1, 2 , 3 . . . , i .
IllcLX

0' - A point which is the center of a family of elliptical surfaces.
It is also the origin of the "primed" coordinate system.

'Z' is - The axis of symmetry for all the ellipsoids. They are ellip-
soidal surfaces of revolution about the axis. These surfaces
all extend from the positive (or negative) Z' axis downward
(or upward) to a given value of z^ along Z'.

A. - Vector in space measured from point 0' to a point on the i
elliptical surface extremity.

BJ[ - Vector in space measured from point, 0' to point 0, the dose
point. | .

C. - Vector in space measured from point 0 to a point in the i "
elliptical surface extremity.

"®~j - Polar angle measured from the Z -axis to a vector rp in space
i

in the X, Y, Z coordinate system for Ith elliptical surface.

- Azimuthal angle measured from the X-axis to a vector r0
i

projected in the X, Y plane of the X, Y, Z coordinate system.

rg - A vector measured from the origin 0 to a point on the i"1

i elliptical surface, (centimeters).

m - Subscript m denotes the material region m = 1, 2, 3, . . . m .
ITlcLX

rm - A vector measured from the origin 0 to a point in the m*"
material region, (centimeters).
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r" - A vector measured from the outermost of two elliptical surfaces
m which defines the m^1 material region to a source point in the

direction of the origin 0 (centimeters).

r" - The magnitude of the difference between the vectors (r J
°m &i-i

and re>, measuring the thickness of a material region for

specific values of the angles fi and-£-(centimeters).

M/ - Angle measured from the normal at the source point to the
/ axis of the cone of solid angle at which the protons are entering

the material region.

aj - Semiminor axis of the ltn elliptical surface (centimeters).

bj - Semimajor axis of the ft1 elliptical surface (centimeters).

z - Displacement of the origin 0 along the Z' axis from the Of

° origin (centimeters).

XQ - Displacement of the origin 0 along the X' axis from the 0'
origin (centimeters).

y0 - Displacement of the origin 0 along the Y' axis from the 0'
origin (centimeters).

imax - Total number of elliptical surfaces.

- The distance perpendicular to the X' axis measured from the
X' axis to the point on the i"1 elliptical surface extremity
(centimeters).

- The distance perpendicular to the Z' axis measured from the
Z1 axis to the point on the ith illiptical surface extremity
(centimeters).

- Total number of material regions.

EQ max - Maximum energy of protons in the external energy flux
spectrum (Mev).

EQ mjn - Minimum energy of protons in the external energy flux
spectrum (Mev).

K^ - Intensity normalization factor of protons in the external energy
flux spectrum (protons per centimeter squared per second per
Mev - Mev-°< - steradian).
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Cm - Exponent in the range-energy relationship for the m^1 material
region.

K. - Constant factor in the range -energy relationship for the mth
m material region (grams per centimeter squared per Mev"0).

f
, . - Exponent in the external proton-spectrum energy relationship.

- Density of the material in the m^1 material region (grams per
m cubic centimeter).

- Number of secondary particles per primary particle formed in
the mth material region by protons in the j"1 energy group.

- The reaction cross-section for protons in the j*h energy group
for the ni^h material region (centimeters) ~1.

E£ - Average energy of the secondary particles formed by the pro-
m'J tons in the jth energy group in the mth material region (Mev).

Kg j - Secondary particle flux-to-dose-rate conversion factor for the
secondary particle energy corresponding to the j* proton-
energy group/RAD per hour per secondary particle (Mev) per
centimeter squared per second) .

Rm t - Absorption cross -section for secondary particles in the m"1

material region where the secondary particle energy corre-
sponds to the jth proton energy group (centimeters) ~1.

T* 0 - The length of time during which the intensity is approximately
constant (hours) .

'l - The length of time after arrival of the solar flare (hours) .

d - The time constant which describes the decay of the proton
intensity.

( 6 max)m ~ Maximum energy of protons which are being considered for the
nuclear reaction in the mth material region (Mev) .

( ^ min^m ~ Mmimum energy of protons which are being considered for the
nuclear reaction in the mt}l material region (Mev) .

Cj - A constant selected to adjust the units on the times T and To ,
if units of hours are used, Cj = 1, if days Cj = 24.
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D .m j

m

D

Dm/j

- Secondary radiation dose rate from the
m^1 material region (RAD/hour).

- Secondary radiation dose rate from the
(RAD/hour).

energy group and

material region

- Total secondary radiation dose rate (RAD/hour).

- Total secondary radiation dose (RAD).

- Secondary radiation dose rate from the J(_ reaction for the j
energy group and from the m**1 material region (RAD/hour).
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E. EQUATIONS

1. Secondary Particle Dose Rate Formed on the Surface of the First jSncoun-
tered Material Region

The number of protons (dN(Eo)) per square centimeter per second, having
an energy between Eo and Eo + dEo are contained within a cone of solid angle
(d.fL) incident on the surface of the first encountered material region as deter
mined from the external proton differential kinetic energy spectrum

dN(Eo,A) = K^ (Eo)

where

Integration over the variable ^ gives

^r -^ktdN(Eo) = 2 / j K Eo dEo.

This reduces to the following equation, which is the proton flux for an energy
within the jth proton energy group.

Nmj = 2

The limits on Eo are

Eo,,. C Eo < Eo,, .Min Max

The secondary particle volume source strength in units of Mev/cu cm - sec
per jth energy group for the mth material region is

The differential radiation dose rate due to secondary particles formed on the
surface of the first encountered material region (m = 1) is

m max „
-_-^-_ , Sfi__, r r •» . w/

>d m11 cos e(<f))U(|><

where the limits on (f> and cos e (6) are
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O ^ 0 4 2 7T

cos Q0 (<#) max] ^

The above equation for the differential dose rate is numerically integrated
to give the dose rate for the ]th energy group and the m = 1 material region
(at the surface) .

The computation of S is a direct procedure for this case, since no geo-
vmj

metrical quantities are involved. In the computation of D, , the geometrical

quantities involved are 0 , cos e (<f>) and all of the rei for a particular value of

0 and cos e (0). The computation of D .is performed by using the external

proton energy selected for each j energy group for a particular point on the
surface of the m = 1 material region. The equation for D . is used to compute0 m]
the first term required in the summation of radiation dose rate over the variables
r " , cos e (0) and <f> (actually it is the value of one of the contributors to dose

rate for the case where r" = 0). It is possible that there may be no contribu-

tion from the surface for a particular j energy group because of no external
energy falling into the energy group being considered.

2. Secondary Particle Dose Rate Formed Internally in the Material Regions ̂ or
at the Surface of Internal Material Regions

Expressing the internal differential proton kinetic energy flux at a distance
r" in the mth material region necessitates deriving the internal flux spectrumm
from the external flux spectrum using the range-energy relationships. The
range-energy relationships are applicable to a proton energy range from 1.0
Mev to 1000 Mev. The range corresponding to an external energy, Eo, in the

th . . . . tm . material region is
C

R(Eo) = ^ (Eo) .
m

At any point in a material region, the energy is equal to the internal proton
energy, E; this is shown by

" C
\ „ „ m
)" cos ^m
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where — ?— is equal to the distance that the external energy Eo has trav-
cos W

eled. The difference between Eo and E is the energy loss by ionization. The
relationship between Eo and E from the range equations is

im cos

This equation is used to compute a value of E, at a particular point in a mater-
ial region, other than on the surface of the first encountered material region
which falls in a particular energy group. In the computation of volume source
strength, the value of E must fall into the same energy group as the initial
value of E for the case where cos tyV = cos (^ which is the initial value' • ' max
of cos tyfy ; otherwise the energy used in the initial computation is decreased by
the appropriate A E, and the computation is repeated until the value of E falls
into the same energy group as E of the initial computation. The computed ener-
gy E is stored for computation use when the particular energy group under
which it falls is being considered. For the initial computation, E is determined
by setting the value of Eo . equal to Eo, performing the computation, and test-

ing for the energy group acceptability.

In the computation of E for m = 2, 3, ... m , the emergent energy com-max
puted at the inner surface of each material region is used in the above equation
to compute the internal energies for points in the next material region. This
procedure continues until the emergent energy for the m-1 material region *
has been computed. This emergent energy is used in the above equation to com-
pute the internal energies at source points of interest. To achieve this, the
emergent energies at the inner surfaces are stored for use in the computations
when needed.

The internal differential proton energy flux expressed in terms of the exter-
nal energy E for the mth material region and the jtn proton energy group is

5*
Nm]

where the limits on cos tyJ are

(cos l/>max) - cos^ 1.0

(cos ft/ ) is computed from the following equation:
max m
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fom
(cos VmaxV " ~ r ,T~ ,CmI" (E )Cm - (EL m a x ' ,maxm-l ^ m l nm

where (E ) is the cutoff energy; below this energy, the particular reaction

under consideration cannot occur. (E ) for m = 1 is equal to Eo

For m = 1, (E ) is computed fromv max'm ^

<E,11CLA m

and for m = 2, 3, ... m

[ C " 1 C~
(Eo ) m - />dmr°m n
v max7

 K J

m

fii the computation of N . ' , the values of N . computed for the m mater-

ial region and for all j, are used in the following manner.

(1) The internal energy E . y is computed for the current value of
indices. m] fl

(2) The energy group j1 within which E . y falls, is determined.

(3) The values of N . are stored in a table for the particular j energy

group for the current value of index m and for a particular value of
index Y at a particular source point.

(4) The quantities N . in the table are accumulated whenever a particular

value of j and & causes N . to fall into the same j ' energy group.

(5) The result is a table which contains values of N ' for a particular
source point. mj

(6) This procedure is used to compute N ,t , the internal proton flux for

the j ' energy group, for each source point in all material regions ex-
cept at the surface of the first encountered material region.
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The volume source strength for the j energy group is then computed from
the following:

Since the equations for the computation of volume source strengths for a
particular point in the mth material region (and for each j ' energy group) have
been stated both for points on the surface of the first encountered material re-
gion and for all other points in the m = 1 material region, or for all points in
the m = 2, 3, ... m material region, the next step is to derive the dose rate

.. ITlcLXequation.

The differential radiation dose rate from secondary particles formed in the
m material region is expressed by the following:

, _. v 0 d V m ~2. mean free paths
dIV - K3mj' Sv , - ~ 6 *-,

The volume element, dVm, is equal to (rm) sin e d e d <J) dr ; where r

is the distance from the dose point to a point in the m material region at
which the source strength Sv is located. By the use of the relationship

mj'
r = r - r /f , the direction of integration is reversed so that the volumem e._1 m &

source strength corresponding to the variable r ' maybe used directly in the
dose rate equation.

The limits on r " arem
r - r > r " > 0

ei-l ei m

where

r - r = re e om

By reversing the limits, the minus sign in front of Integral is cancelled and the
limits on r " arem

0 < r" < r » .m om
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The total number of mean free paths for the secondary particles to get to
the dose point is expressed as

^— _j- m max
~* mean free paths R / r^ -SI ^ y,
e = e e mj' om

This expression is the attenuation of the secondary particles through all the
remaining material regions.

The fully expressed equation for the computation of the differential radiation
dose rate from secondary particles formed in the m^ material region by the
jth proton energy group is m max

i, h
 jl r"m

where the limits on 6, |cos e(d)j and r" are1 L Jm m

O < (f> <^ d. )}. ]^CoS 9 (<j> J /f AXJ ^ ^ ICOS e lU/ j I ... f:^ • «=• 'm 2 .0«,

The above equation is numerically integrated for the computation of D .'.

3. Total Radiation Dose Rate and Dose

The total dose rate from the. m material region, due to secondary particles
formed by protons within the prescribed proton energy range, is expressed by

j max

j = j min

Dmj '

The total dose rate from all material regions due to secondary particles is
expressed

mmax
DT - 2Z <DM>nT

m= 1

The total dose determined by integrating over the time of duration of the
solar flare is expressed by the following equations. The restrictions on their
use are placed alongside each equation.
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o

DTT = DT C, (r-r0) - d

> i.o.

4. Computation of Geometrical Quantities

Computation of (r ).. The equation of an ellipsoid displaced from the orie i • i,
gin Of by x , y , and z , and having a new origin at 0 for the i elliptical
surface is

» i.
a.

The transformations from rectangular to spherical coordinates are:

x. = r sin e. cos 6

= rei sln ei sin

zi = rei COS 6i '

Substitution for x., y., and z. yields

el

where

Bi =

sin cos e.

a.

x sin e. cos <p y sin e. sin (p « cos e
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Special cases. The computation of cos e (<t>) (for the cases In Figs.
L m£UJi

V-2a and V-2b) follows.
_x -^ -^>

From Fig. V-l, the vectors Aj , Bj and C i can be expressed as:

Aj = (cos + sin

Bl = xo^ * ̂  + ao

C,- A, - B,

where

F or surfaces which extend down to z j = 0 along Z , where the extremity of
the surface is in the plane which contains a..

cos<t) - x ) t

Applying direction cosines to determine cos-e- (<b) yields
L Ji

COSl

c o s + s i n

follows
The computation of cos e (<p) I (for the cases in Figs. V-2c and V-2d)
3ws. L max-li

In Figs. V-2b and V-2c, tiie quantities ( T.. ) and ( T, ) are inputs for a
1 i 4 i

surface which is cutoff at some given value of z along Z rather than in the

plane of the semiminor axis.d., • As a result, the only change is in the quan-

[ 2 2 "11/2(T-) + (T J and the preceding equation for

t i l - "
e(<!>)max Lls applicable.cos
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5 . Computation of Secondary Radiation Dose due to Van Allen Belt Proton
Radiation

To generalize this method requires several changes In the data and In the
manner of computing the secondary radiation dose rate and dose. The first
change Involves making the quantities K and cX. time dependent; Ki. Is a func-
tion of the altitude, latitude and longitude; cX^ Is a function of the altitude.
Subscript k denotes the number of time Intervals required as the vehicle pro-
ceeds along Its trajectory. Values for both Kk and <X ^ are obtained for print
out points, %, Vfc and $^ along the trajectory. The length of time, (dt)^, In
the proper time unit between printout points along the trajectory are also ob-
tained from trajectory data.

The secondary radiation dose rate, (DT)k, is computed separately for each
set of values of K. and at.

The average secondary radiation dose rate is then computed by

The secondary radiation dose is computed by summing over all time inter-
k max

(DT)k (dt)k.
2 k = 1

6. Computation of Secondary Proton Radiation - (P, x P ) Reaction

To compute the radiation dose rate due to secondary protons formed in the
walls of a command module necessitates changing the method beyond the compu-
tation of E and N values. The method to be used is described.below.

The computation of the E and N values for the primary protons is stated in
Chapter V, Section E. The average energy of secondary protons, ER, results

from a particular J ' energy group within which the E value falls; however, the
secondary proton energy most probably falls within an energy group less than
the j' group. First, it Is necessary to determine the j" energy group within
which E_ falls. By using the following equations, the value of the secondary

proton energy at the innermost surface is determined.
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Cm it .I/Cm
- Pdm m

K
(16)

im

The j' corresponds to the energy group within which ER falls after ionization

of the secondary proton as it passes through the remainder of the region of or-
igin. The expected value of r " depends on the location of the source point.
That is, if the source point considered is located at the second source in the
first region, then V" is determined from

m,2 om
•" r

The energy value computed by using Eq (16), is used in

Cm \ I/Cm
O *n' 1x dm

j'
m (17)

Klm

Equation (17) is used to compute the energy at the innermost surface, unless
the region which is being considered is the last region, then Eq (16) is used alone.

The flux value corresponding to E,, is then computed from

NT
mj'

This secondary proton flux value is then placed in a j"" table. The location
within the table is determined by finding what j '"' the ER value at the inner-
most surface falls within.

The differential secondary proton radiation dose rate is expressed

dD ./ = Nw K_ d(cos-e-) d (b dE.
m3 mj' mj'

Integration of the above equation is performed numerically to determine the
dose rate from all regions and energy groups. The radiation dose computation
is performed in the same manner as prescribed for the (P,")CN) reaction.
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VI. RESULTS AND CONCLUSIONS

Before proceeding to the results, it may be worthwhile to discuss some
important effects of the energy spectrum form. The experimental data obtained
so far cover small portions of the energy spectrum of these particles and
required considerable interpolation and extrapolation to yield a more compre-
hensive distribution.

As an example, the peak flux measurement of solar protons on May 12, 1959
indicated approximately 51.5 protons/sq cm-sec-steradian with energies of at
least 105 Mev, and an integral spectrum varying with energy to -the -3.8 power.
Extrapolating this relationship to 20 Mev (below the cutoff energy of the thinnest
material layer in either the L2C, M-l-1 or Model 410 configurations), avalueof
2.812 x 104 protons/sq cm-sec-steradian with energy of at least 20 Mev is
obtained.

Returning to the case of a hollow aluminum sphere, Fig. VI-1 shows how the
spectral distribution of these particles would affect the dose. The ascending
portion of the curves is determined because aluminum which is thinner than
approximately 0.6 gm/sq cm (the range of a 20 Mev proton in aluminum) retards
the particles without stopping any of them. The less energetic particles are
more efficient in depositing energy and yield an increased dose. For approxi-
mately 0.8 gm/sq cm, the dose is the same for each spectrum; for lOg/sq cm,
the steepest spectrum (a = 5.5) deposits about 1/10 the dose of the flattest
spectrum (a « 4.0); and for 100 q/sq cm, this difference increases by another
order of magnitude.

This illustrates quite clearly that the same total number of particles can
produce very different radiation dosages, depending upon how this number is
distributed with energy. To evaluate the effect of assuming different spectral
forms of the measured data from the event of May 1959, the spectra is stand-
ardized to the measured flux of protons approximately between 110 and 220
Mev. The effect of this is shown in Fig. VI-2. The total number of particles
above 20 Mev now differs, and the effect is most evident at small absorber
thicknesses. Fig. VI-2 shows that small changes in the spectral distribution of
the particles are insignificant to the dose within absorber thicknesses antici-
pated in early manned vehicles ( approximately 8 to 10 g/sq cm).

Returning to the first two configurations under examination.the average dose
from the proton event following the flare of May 10, 1959 would have been 37.51
RAD within the aft .cone L2C (similar to the Mercury capsule) command module
and 31.1 RAD within the forward cone M-l-1 command module. Flux was as-
sumed constant for 29 hours before peak flux measurement and after this it de-
cayed as a t~3/2 exponential.
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At that time, it was not possible to consider detailed placement and compo-
sition of equipment within the command module. The calculations considered
equipment of a composite material distributed uniformly over the interior sur-
face of the vehicle. The internal equipment, whose weight is about that of the
structure, will greatly affect the radiation dose the crew receives. Omitting
the equipment results in an average dose of 1306 RAD and 397 RAD within the
L2C and M-l-1 vehicles, respectively. The basic difference in radiation pro-
tection between the two configurations is difficult to detect when the internal
equipment is included. This arises primarily from the logarithmic decrease of
dose versus absorber thickness seen in both of the last figures.

The IBM 7090 program for each configuration also was run for the other
previously discussed spectra, and for two compound spectra with the form of
the spectrum changing below 100 Mev (as indicated in some preliminary data
from the solar events of Autumn 1960). The results of these calculations are
summarized in Table VI-1. The second and fourth data columns show large
differences between the two early configurations. The Mercury shape gives
consistently higher doses because of protons through the forward quadrants
which do not have much absorbing material. The heat shield for this design is
on the aft bulkhead. The M-l-1 design has its heat shield primarily on the front
and forward sides. The heat shield on the back of the L2C is largely wasted for
radiation attenuation because that region already contains the mission module,
tanks, fuel and engine assemblies. The L2C design also shows greater sensi-
tivity to changes in the spectral characteristics of the particles (an increase of
6 times from a = 4.0 to a - 5.5 as contrasted to a factor of 2.5 for the other
design). Introducing the command module equipment (columns 1 and 3) gives
almost equal doses between the two configurations, but there is a large implicit
error in assuming the equipment as a uniform smear. This will be discussed
later. Variations in the spectral form are far less significant when the 4 gm/
sq cm of equipment are included (column 3). This also could have been seen
by the convergence of the curves of Fig. VI-2 at thicknesses below 10 gm/sq cm.
The table also shows the results of an analysis to determine the dose inside
the mission module storm cellar. At this point, the crew is heavily shielded
both front and back by the command module and the massive tanks and propel-
lants, respectively.

The calculations show that the dose decreased from 59.2 RAD to 12.5 RAD to
3.54 RAD as aluminum weights of 500 and 1000 and 2000 pounds were wrapped
in the form of an open-ended cylinder within the mission module. The position-
ing of this radiation storm cellar is shown in Fig. III-l. Its axis coincides with
the primary axis and its dimensions are 46 inches in diameter and 65 inches
long. This analysis did not consider onboard equipment or material in the mis-
sion module, so allowance can be made for this by reducing the aluminum shield
plates by 350 pounds. It appears that the mission module storm cellar is feasi-
ble.
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From this, the command module or re-entry portion of a modular manned
lunar spacecraft appears to offer considerable protection against the radiation
from solar flare protonsfc and proper positioning of equipment within the com-
mand module offers further protection to the crew.

For finer examinations, the dose per unit solid angle for each of the area
elements of the two configurations, omitting the equipment, was calculated
(Figs. VI-3 and VI-4). The positional variation of dose is very large in both
configurations — six orders of magnitude in the M-l-1, and almost seven in
the L2C configuration. Most of this is caused by the extremely small doses
coming through the mission module. These figures also show the regions
which contribute to the much larger dose within the L2C and the relative inef-
ficiency of the aft mounted heat shield.

Returning to the computer input data, the exact material thicknesses and
angle-to-dose point can be found and used to determine equipment positioning to
reduce the dose. Of course, it is not possible to position equipment in a manner
optimum for radiation safety, but spot shielding in proximity to the crew then Is
used to shield any remaining hot spots.

An alternative to this course is the radiation storm cellar previously men-
tioned. The dose distribution inside this cylinder is shown in Fig. VI-5. The
numbers are omnidirectional dosages (the dose that is received if correspond-
ing absorber thickness occur over the entire surface) and should be divided by
4 *TT for comparison with Figs. VI-3 and VI-4. The absorber thicknesses
through the command module, applicable to forward angles 0 to 55 degrees,
include the command module equipment. This adds more than 8 gm/sq cm
everywhere in this sector, because the equipment is seen twice by the penetrat-
ing proton and at an angle large enough that its effective thickness is increased.

It is not possible to choose between the storm cellar and the command module
until the most efficient command module layout Is made, but it appears that
pound-for-pound spot shielding in the command module is more efficient than
the mission module storm cellar. This cylinder also will be rather cramped
quarters for three men for a period of a day, and it is very unlikely that the crew
will be able to perform any duty functions while in such a storm cellar.

Previously, we have used the RAD unit for dosage measurement, but the
most widely used unit for expressing the biological dose is the REM, although it
is far from ideal. The RBE, a conversion factor from physical to biolfogical
dose for protons, is related to the energy deposition rate, and is a function of
the particle kinetic energy. To determine the RBE, the emergent energy spec-
trum is calculated. This is shown in Fig. VI-6 for the M-l-1 configuration
(including equipment as a uniform 4 gm/sq cm). Table VI-2 shows the RBE by
emergent energy groups and the weighted average RBE for the entire emergent
spectrum. The two RBE evaluations used are shown and referenced in the table.
It is emphasized that the RBE inside the command module is far less than it
would be for a recoil proton spectrum, as near a reactor.
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TABLE VI-2

RBEof Solar Protons Within M-l-1 Command Module

Energy
(Mev)

>14

14-13

13-12

12-11

11-10

10- 9

9- 8

8- 7

7- 6

6- 5

5- 4

4- 3

3 - 2

2- 1

1- 0

Total

% of Total
No. Particles

91.26

1.104

0.777

0.922

0. 954

0.796

0.727

0.641

0.604

0.543

0. 649

0.447

0.288

0. 185

0. 108

100. 005

RBE*

1

1

1.02

1.05

1.1

1.16

1.27

1.44

1.65

1.90

2.22

2.67

3.30

4.47

8.5

Mean RBE

( R B E ) x ( % )

91.26

1.104

0.793

0.968

1.049

0.923

0.923

0.923

0.997

1.032

1.441

1. 193

0.950

0.827

0. 918

105. 301

1.05

Energy
(MEV)

< 50

> 50

Total

% of Total
No. Particles

51.63

48.37

100. 00

RBE**

1.0

5.0

Mean RBE

(RBE)x (%)

51. 63

241.85

293.48

2.93

* International Recommendations
on Radiological Protection, Brit
J. Radiol., 1951, 1954, 1955, as
cited in Radiation Shielding,
by B. T. Price, C. C. Morton
and K, T. Spinney, Pergammon
Press, New York 1957

Proton Radiation Hazards in Space,
by H. J. Schaefer, Astronautics,
February, 1961

** C. A. Tobias, quoted in
Proceedings of Conference on
Radiation Problems in Manned
Space Flight, NASATND-588
December, 1960

2 2
Total Emergent Particles = 9.216 x 10 /Cm Sec

Total Incident Particles = 3.532 x 105/Cm Sec
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The third configuration analyzed was the Model 410. This design is basically
similar to the M-l-1 command module but has a heavier heat shield. On that
basis, an anticipated reduction in dose to about 2/3 of the 31.1 RAD found for the
earlier configuration is expected, but the Initial calculation made for the Model
410 gave 75.03 RAD, an increase of 2. 5 times over the M-l-1. The reason for
this increase became apparent after examining the individual areas.. The Model
410 dosage calculations were made with the command module equipment actually
positioned according to the inboard profile. The large dose came from regions
where there was no equipment other than wires. These regions around the top
surface also were far enough aft to have relatively little heat shield, and high
dosages were noted for a few regions through the aft bulkhead. Although the
regions with equipment generally had more than 4 gm/sq cm, the dose was con-
trolled by the areas without equipment. This is a consequence of the logarithmic
decrease of dose with absorber (Fig. VI-2). This may be visualized by consid-
ering two areas of 8 gm/sq cm each with equal doses through them. Removing
4 gm/sq cm from one and adding it to the second increases the first dose 5.9
times and decreases the second dose 2.83 times (a net increase by a factor of
3.1). The significance of the results for the Model 410 are twofold. First the
calculations made with equipment or any of the materials uniformly smeared
are just poor approximations. Second, unless the calculation procedure is capa-
ble of handling the detail of the configuration any results may be grossly in
error.

Spot shielding and repositioning of equipment can be used to reduce the dose
within the Model 410 command module. Temporarily, an approach to determine
the amount of shielding required to reduce the dose by a factor of two was
chosen. This is achieved most efficiently in proximity to the crew. It can be
achieved by adding from 2.86 to 5.44 g/sq cm over the solid angle which subtends
56 of the original areas. A total of 94.1 pounds was sufficient to reduce the dose to
33.73 RAD. The initial dose distribution over the surface of the Model 410 com-
mand module is shown in Fig. VI-7. The reduced doses using spot shielding also
are shown as inserts on the same figure. Fig. VI-8 and Table VI-3 show, re-
spectively, the Model 410 emergent energy spectrum and RBE. Table VI-4 sum-
marizes the most important features which the early configurations showed as
well as the dosage numbers for Model 410. The dose an unprotected man
receives (assuming that particle cut off below 20 Mev) also is shown for com-
parison.

The next step is to determine an optimum layout of command module equip-
ment to further reduce the dosage and dosage variations and eliminate some
spot shielding.

The previous dosage values apply to the total dose measured within the
vehicle at an altitude of about 30 km (where the balloon measured data was
obtained). To account for the shadow effect of the earth these values should be
multiplied by 1.8. (The atmospheric cut off of approximately 100 Mev already
has been taken into account by extending the measured spectrum below the ener-
gy necessary to penetrate the thinnest layer of the spacecraft.)
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TABLE VI-3

Proton RBE Within 410 Command Module

Solar Flare Particles

Energy
(Mev)

>14

14-13

13-12

12-11

11-10

10-9

9-8

8-7

7-6

6-5

5-4

4-3

3-2

2-1

1-0

Total

% of Total No.
Particles

86.845

1.113

1.476

1.551

1.561

0.487

1.355

1.526

1.293

0.620

0.321

0.826

0.462

0.362

0.200

100.00

Mean RBE

RBE

1

1

1.02

1.05

1.10

1.16

1.27

1.44

1.65

1.90

2.22

2.67

3.30

4.47

8.5

(RBE) x (%)

86.845

1.113

1.505

1.629

•1.717

0.565

1.721

2.197

2.133

1.178

0.713

2.205

1.525

1.618

1.700

106.664

1.07

3.532 x

8.803 x

0.25%

105/sq cm-sec

cm-sec

Total Incident Particle Flux

Total Emergent Particle Flux

Emergent Flux / Incident Flux
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R-VI-9

It appears that a non-incapacitating dose of about 35 (RAD) X 1.05 (RBE) X
1.82 (free space correction) = 67 REM is received by the crew in the Model
410 command module from a flare event similar to the flare of May 10, 1959.
Although this is one of the largest flare events ever recorded, doubt still
remains as to where this event actually ranks in frequency of occurrence.

In ER 11245M a design criterion procedure was developed to give the details
of dose vs probability vs mission length vs absorber. The use of this procedure
is limited by input data on the events themselves and the numbers shown are
only for illustration. There still are not enough data to properly use the IBM
program and it is necessary to evaluate the hazard on a discrete-event basis.

Of the five documented events reported in ER11245M, only the event follow-
ing the flare of July 14, 1959 had a larger measured flux than that from the May
10, 1959 flare. Better data from both of these events currently is available,and
have already used this new data on the May event in the calculations. For the
July event, Winckler (Table 1-1) has deduced the free space peak flux of protons
as N = 5.5 X 106/sq cm-sec; 40 < E < 500 Mev.

The kinetic energy exponent for this event is given as, a = 4.5. Extending this
to 20 Mev gives an integral unidirectional flux of

N = 4.95 X 106/sq cm-sec-steradian, E _> 20 Mev.

Brown and D'Arcy have measured the spectrum for this event after 17 hours
(Table 1-1) as

N (E) dE = 6 X 108E-4.5dE 100 ̂  E < 400 Mev.
protons/sq cm-sec-steradian -Mev.

The flux given by Winckler gives
N (E) dE - 6.1 X 10l2E-4.5dE.

It appears this event as measured at Minneapolis and College, Alaska, had a
very rapid decay with time, so a slower decay pattern given by Winckler (t-2)
is used for a more pessimistic estimate. Using these data as a base, the dose
within the Model 410 command module is estimated as 360 REM.

Table 1-1 also shows the event of July 16, 1959 (the last of three July 1959
events) which Anderson and Enermark approximate as

N (E, t) - 15 X 10lOt-3E-4, 85 < E <300 Mev., t^l 1.2 days
Particles/sq cm-sec

The flux of protons above 20 Mev at t = 1.2 days after the flare peak equals
4.32 x 104 protons/sq cm-sec-ster,E>20 Mev. This is 1.53 times greater than
the peak flux of May 10, 1959. Data are not available to evaluate this flux for
earlier times. Without knowing the rise time we can only assume the peak
measured flux is a fair average of the earlier flux. The dose rate within the
Model 410 from this event would be

2.04 X 1.53 X .825 = 2.58 REM/hr
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as scaled from the dose rate on May 12, 1959 (including the free space and
spectrum correction factors). Using this rate as a constant for 1.2 days (28.8
hrs) gives a dose 74.2 REM, to which must be added the integrated flux after
1.2 days. This is 2.2238 x 109 particles/sq cm-steradian or an additional 37.2
REM which gives a total of 111.4 REM within the Model 410 command module
for this event.

Examination of Table 1-1 shows one other series of events with high fluxes,
which occurred during November, 1960. Van Allen has given the time integrated
flux of protons with energies greater than 30 Mev as

23:37/14 Nov

Jo dt = 1.0 X 109/sq cm

20:42/12 Nov

00:00/16 Nov

Jo dt - 4.2 X 109/sq cm

13:30/12 Nov

From his data and that presented by Ney and Stein (1961), the exponent of
the integral energy spectrum is 3, so the total flux above 20 Mev would have
been

14.2 X 109/sqcm or 1.13 X 109/sq cm-steradian

From calculations within the Model 410, a flux of 5.11 X 10^ protons/sq cm-
sec-ster above 20 Mev gave 2.04 REM/hr or 8.85 X 10? protons/sq cm-
steradian *« 1 REM. A free space correction factor of 1.36 should be applied
to Dr. Van Allen's fluxes (average altitude of Explorer Vn r^ 850 km) and a
correction factor of 2.85 to account for the flatter spectrum. The total dose
from this event would have been

1.13 X 109 X 2.85 X 1.36 *= 49.5 REM

8.85 X 107
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over the period from the very beginning of the class 3+ flare (13:23 UT on Nov
12, 1960) including a second class 3+ flare (02:07 UT on Nov 15, 1960) and up to
00:00 on the 16th of November.

An examination of Table 1-1 shows that a number of other events do not show
significant proton fluxes and the resulting dosages are not significant. The next
most intense events seen from Table 1-1 and data obtained after its preparation
occurred April 1, 1960 and September 3, 1960. Peak fluxes for these events are
given as about 4-5/sq cm-sec-steradian (E > 30 Mev) by Van Allen. Fichtel
and Guss (1961) reported a flux of 15/sq cm-sec-steradian (E > 20 Mev) mea-
sured approximately 13 hours after the class 3 flare on September 3, 1960.
The remaining data on proton events show fluxes of approximately 0.1 to 2.0/sq
cm-sec-ster.

Although particle emissions from the sun are not infrequent occurrences,
apparently only a few events would have resulted in significant doses to the
crew within the command module. These were:

50 REM following series of solar flares on November 12, 1960

67 REM following solar flare on May 10, 1969

111 REM following solar flare on July 16, 1959

360 REM following solar flare on July 14, 1959

Most of these are compound events. Enough warning time may be available
to abort the mission and return to the earth before a large dose is received.
Even with no warning, the time span of these events is long enough that if abort
is initiated Just after the flare sighting or after initial measurement of the
arrival of the particles, the crew can return to earth before the full dosage from
the compound events is received.
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As previously mentioned, these events can not be defined for occurrence
probability, but from the data available it appears that an event giving a dose of
50-67 REM occurs approximately once a year near the period of maximum sun-
spot activity, while an event of 360 REM usually occurs once every two years.
For a 14-day mission, the probability of 67 REM is about 0.037 and is about
0.018 for 360 REM.

During the past 20 years, there have been a number of solar events com-
prised of particles with energies of one Bev to tens of Bev. These occur ap-
proximately once every three or four years. The most famous occurred Feb-
ruary 23, 1956. The data on these events has been generally limited to neutron
monitors on the ground, but Explorer VII made some measurements on May 6
and 7, 1960 which showed a flux of about 1.0/sq cm-sec-steradian (E >• 30
Mev). From the monitor data, it generally had been concluded that, in free
space, these events would be more of a hazard than events containing particles
in the tens to hundreds of Mev region. This does not appear to be absolutely
true, although the reason for the characteristically greater particle energy is
unknown in these events.

Foelsche (1961) has estimated the dose from the February 23, 1956 event
and showed values (under 10 g/sq cm) which were smaller than from the July
14, 1959 "low energy" event. His numbers were approximately 350 REP for
July 14, 1959 and 120 REP (35-200) for February 23, 1956.

Without ignoring the uncertainties in ranking these events on a probability
basis, it is reasonable to expect that the overall probability can be reduced by
scheduling flights during periods of reduced flare activity. By using seasonal
occurrence trends, the probability of an event during a specific mission can be
halved, and by using grouped occurrences, the probability can be reduced fur-
ther. Adamson (1961) has indicated the overall reduction to be a factor of 2.4.
There is a corresponding increase in encountering more than one event, and
Adamson has estimated this to be two times. The mission will be terminated
before a second event can reach full development, so this factor can be dis-
counted. It has been shown by Goedeke (1961) that solar activity seasons are
systematically displaced from year to year. If this particular trend is evi-
denced in future measurements, seasonal launch scheduling actually may offer
a reduction of four to five times in the probability of encountering a significant
solar flare particle event. It also is emphasized that these events decrease in
frequency during the solar sunspot cycle minimum. Although recent events
have indicated that this decrease is not as great as previpusly believed, it
appears reasonable to decrease any probabilities obtained from data of the
recently completed solar maximum five times when considering a period of
minimum solar activity (1963 to 1964).

The dose rate from protons at the heart of the inner Van Allen Belt is 5.21
REM/hr within the Model 410 command module (without any spot shielding).
The emergent energy spectrum obtained is shown in Fig. VI-9. The shape of
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this spectrum is quite different than the spectra from solar protons. This is
due to the different incident spectrum. The dose distribution within the Model
410 is shown in Fig. VI-10.

The RBE calculated from the Van Allen protons is shown in Table VI-5, and
is slightly lower than the value obtained for the flare particles. The flatter
incident spectrum has a smaller proportion of emergent particles near termi-
nation energy so it has a lower RBE. A scatter is evident in the emergent
energy spectrum at low energies (which has been smoothed only in the curve
plotting but not in the RBE determinations). This is at least partially due to
the fact that this spectrum is the sum of the individual spectra of each area.
The individual areas,which are comprised of different materials and thick-
nesses, have different emergent spectra. By plotting the individual spectra,
a determination is possible to see whether scatter is completely physical or if
any of it is due to degradation in the accuracy with which the machine program
computes very low emergent energies.

\
These individual emergent spectra also can be used as man incident spectra

to determine in great detail the internal dose distribution within the man. Ac-
counting can be made for the effects of mutual shielding among the crew and
self-shielding by the body of each man. These factors, which reduce the dose,
previously have been neglected.

The total proton dose has been calculated that would be received on four
different lunar trajectories leaving the earth, and on one re-entry trajectory.
These are shown on Fig. VI-11 through VI-15. The largest dose (0. 63 RAD)
is encountered on an equatorial flight injected at 0 degrees longitude. A dose
of 0.56 RAD is received on the flight injected from 21.7 degrees S, 102. 6 de-
grees E, at an inclination of 35 degrees. The two other flights (injection north
of the equator) received 0.06 RAD each. The re-entry trajectory resulted in a
dose of 0.31 RAD.

The absolute maximum and minimum inner Van Allen Belt proton doses can
be determined by a large number of trajectories. However, Fig. VI-11 (0.626
RAD) is probably very close to the maximum dose and Fig. VI-14 (0.06 RAD)
is probably the minimum dose transit at a 35-degree inclination.

An earlier report (ER 11245M) discussed trajectory shaping and relaxation
of range launch azimuth requirements as means to avoid the inner Van Allen
Belt. These procedures evolved from early estimates of the dose received
through this region. Earlier estimates contained an ignorance factor of 10
because of the overestimate of RBE, but the emergent spectrum within the
Model 410 yields an effective RBE of only 1.01. The value of 10 for RBE had
been developed from analogies to the recoil proton spectrum near reactors.
This analogy does not apply to either the Van Allen or solar flare spectra within
the command module.

ER 12018



R-VI-14

TABLE VI-5

Proton RBE Within Model 410 Command Module

Van Allen Belt Particles

Energy
(Mev)

> 14

14-13

13-12

12-11

11-10

10-9

9-8

8-7

7-6

6-5

5-4

4-3

3-2

2-1

1-0

Total

% of Total No.
Particles

98.018

0.190

0.232

0.233

0.233

0.086

0.191

0.237

0.175

0.118

0.053

0.091

0.058

0.051

0.033

100.00

Mean RBE

RBE

1

1

1.02

1.05

1.1

1.16

1.27

1.44

1.65

1.90

2.22

2.67

3.30

4,47

8.5

(RBE) x (%)

98.018

0.190

0.237

0.245

0.256

0.100

0.243

0.341

0.289

0.224

0.118

0.243

0.191

0. 228

0.280

101.203

1.01

Total Incident Particle Flux

Total Emergent Particle Flux

Emergent Flux./ Incident Flux

3.091xl04/sqcm-

5.254xl03/sq cm-

17.00%

sec i at center

sec ) of belt

uf.»*JljLOT|illfc«A> "
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Also, early estimates did not account properly for the decrease in ambient
proton flux experienced within the spacecraft, and this also influenced the over-
estimation of the dose severity from the Van Allen belt protons. The early
estimates basically showed a peak ambient dose of 10 RAD/hr (or 100 REM/hr,
using an RBE of 10); the new model gives a peak of 5.16 RAD/hr (or 5.21
REM/hr with an RBE of 1.01) within the Model 410 command module. The
early estimate of the greater ambient dose in traveling through this region was
1.9 RAD (or 19 REM), but calculations now show only 0.626 RAD (0.63 REM)
as the dose for the worst case. The net effect of this is a significant degrada-
tion of the inner belt proton hazard.

ER 11245M indicated that trajectories which avoid the inner region also
would reduce the exposure in the outer region. This was based upon examina-
tion of the simplified models of the radiation belts, but detailed models of the
belt support this general conclusion. However, this does not necessarily mean
that any trajectory that results in a low inner belt proton dose also will give
minimum exposure in the outer belt.

For example, Fig. VI-13 shows 0.064 RAD from protons of the inner belt,
which represents the second lowest proton dose in traveling through the inner
region. The inner belt bremsstrahlung contribution would have been propor-
tionately lower than one received along the trajectory of Fig. VI-12 which gave
the second highest proton dose. When these trajectories are followed through
the outer region, both trajectories cross through the heart of the outer region.
On the other hand, if the trajectory of Fig. VI-14 (which gave the lowest inner
belt proton dose) is followed, it avoids the heart of the outer region. These
effects are shown in Fig. VI-16.

The reason for these variations is simple. The belt inclination changes
greatly with earth longitude as shown by Table VI-6. The trajectory which
initially avoids much of the inner belt may change longitude in a manner such
as to take it through the heart of the outer belt. It is not possible to eliminate
the desirability of trajectory shaping without considering the resultant dosage
from exposure to the electrons of both belts and the secondaries from the inner
belt protons. Only approximations of the resulting dosages can be reported,
for electron and bremsstrahlung calculations are not available.

The electron distribution model developed is applicable to normal conditions
during solar maximum. (During solar minimum the belt would shrink in extent
and intensity, but during disturbed sun conditions the intensity probably would
increase.) Considering a path through the hearts of both belts enables an esti-
mation of the maximum dose of the electron bremsstrahlung between 0.4 and
2.0 RAD (RBE of X - rays = 1) in the Model 410. There are a number of in-
herent uncertanties in such an estimate. The emergent bremsstrahlung spec-
trum actually is comprised of many spectra, limited by only the detail with
which the incident spectrum is analyzed. Production and absorption of X-rays
(most of which will be < 50 Kev) is quite different for materials such as steel,
carbon, aluminum and lead. The emergent spectra is heterogeneous in the
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TABLE VI-6

Van Allen Belt--Reference Point Position

Reference
Altitude *

(km)

980

1005

1015

1035

1060

1075

1100

1120

1140

1170

1200

1230

1270

1300

1338

1368

1400

1420 .

1435

1445

Latitude**
(deg)

9.0

9.0

10.0

9. 5

9.5

9 .2

8.8

8.6

8.5

8.4

8.1

8.0

8. 1

8.4

8.6

8.8

9.0

9 .2

9 .3

9.3

Longitude
(deg)'

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

Reference
Altitude

(km)

1445

1445

1435

1420

1400

1380

1350

1325

1300

1270

1240

1225

1205

1190

1170

1160

1150

1140

1130

1120

Latitude
(deg)

9.2

,8.9

8. 7

8.4

8.2

8.0

7. 8

7.4

7.2

7.0

6.6

6 . 2

5. 5

4 .8

4.0

3. 5

2 .5

1.9

1. 1

0.3

Longitude
(deg)

105

110

115

120

125

130

135

140

145

150

155

160

165

170

175

180

-175

-170

-165

-160

ER 12018



TABLE VI-6 (cont)

R-VI-17

Reference
Altitude *

(km)

1110

1100

1085

1075

1065

1052

1040

1025

1015

1000

975

950

925

895

850

805

750

705

660

625

600

Latitude **
(deg)

-0.2

-0.8

-1.4

-2.0

-2.7

-3.2

-3.9

-4.6

-5.0

-6.0

-7.0

-8.0

-9.0

-10.0

-11. 1

-12.3

-13. 1

-13. 7

-14.0

-13.9

-13.4

Longitude
(deg)

-155

-150

-145

-140

-135

-130

-125

-120

-115

-110

-105

-100

-95

-90

-85

-80

-75

-70

-65

-60

-55

Reference
Altitude

(km)

595

600

625

675

705

745

795

825

860

895

935

Latitude
(deg)

-12. 1

-10.4

-8.3

-5. 8

-3.0

-0. 1

+2. 5

+4. 7

+6.4

+7. 8

+8.6

,

Longitude
(deg)

-50

-45

-40

-35

-30

-25

-20

-15

-10

-5

0

* of first particle contour
** of axis of belt

line at axis of belt
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TABLE VI-7

Weight Fractions of Isotppes Present in the Command Module Materials

(Forward Section)

Region Number
and Material

1. Ablator

2. Super Alloy

3. Insulation

4. Water

5. Aluminum

6. Equipment

Region Number
and Material

1. Structure and Engines

2. Oxygen

3. Hydrogen

4. Polyurethane Foam

5. Glass Phenolic

6. Equipment

7. Aluminum

Weight Fractions
Carbon -12 Aluminum -27

0.6889

0.1333

(Aft Section)

0.5167

0.2663

0.3449

1.000

0.600

Weight Fractions
Carbon -12 Aluminum -27

1.000

0.600

1.000

Model 410. Furthermore, energy loss in the body is definitely a function of the
energy (spectra), so any estimate is quite uncertain. This uncertainty believed
to be is bracketed by the estimate of 0.4 to 2.0 RAD. This will be substanti-
ated by the results of the detailed electron program.
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The Model 410 command module is used during the computation of secon-
dary radiation dose from proton interaction during exposure to solar flare pro-
ton radiation and Van Allen inner belt proton radiation. Only secondary neu-
trons were considered in the analysis. This included both neutrons from the
evaporation and cascade processes. The proton reactions considered are of
type Al^(p, xn) and C (p, xn). The actual abundances of the target isotopes
present in the material regions of the configuration are listed in Table VI-7.

Energy loss by ionization and excitation is determined for each material
region by adding the contributions from various elements which comprise the
region. Range energy relationships determined from the energy loss equations
were used in evaluating the internal proton energy spectrum. The reaction
cross sections, average secondary particle energies and number of secondary
particles for both the evaporation and cascade processes were determined from
data which were computed on the basis of the compound nucleus theory and by
Monte Carlo techniques. For neutron attenuation the total neutron microscopic
cross sections given by Hughes and Schwartz (1958) and Hughes, Magurno and
Brussel (1960) were used.

Table VI-8 shows the contribution to radiation dose from secondary neutrons
caused by exposure to solar flare spectrons and Van Allen inner belt protons.
The measurements are made in the command module.

TABLE VI-8. Secondary Neutron Dose Rates and Doses

Solar Flare RAD/hr (REM/hr) (RAD) (REM)

May 10th 4.52X10~3 4.34X10~2 I^SXIO'1 1.39X10°

Van Allen
Inner Belt

Peak dose .
rate 7.55X10 5.57X10

(The total radiation dose due to secondary neutrons received during flight
through the inner Van Allen belt are given for two trajectories.)

Initial Conditions for Trajectory
/

/

Trajectory Altitude / Latitude Longitude Radiation Dose
(km) / (deg) (deg) (REM)

Fig. VI-12 234.8 21.7S 102.6E 0.605

Fig. VI-11 234.8 0 0 0.687
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The secondary neutrons are expected to contribute a major portion of the
secondary radiation dose. For example, the secondary protons will have ener-
gies considerably lower th.an the primary protons and therefore, relatively few
are expected to contribute to the secondary radiation dose. It is expected that
contributions of elements not considered because of a lack of basic data will
not increase the given doses by more than a factor of 1. 5 to 2. The reported
secondary doses are expected to fall -within a factor of 2 of a total secondary
radiation dose.

Table VI-8 shows a peak dose rate at the heart of the Van Allen proton belt
of 0.755 RAD/hr within the Model 410. The RBE used for evaporation neutrons
was 10 and for cascade neutrons was 5. The resultant biological dose rate is
5.57 REM/hr. A total neutron dose of 0.687 REM is obtained along the trajec-
tory which gave the highest proton dose (0.626 RAD, Fig. VI-11).

The relative dose neutrons produced by solar flare protons is considerably
lower because of the steeper spectrum of the flare particles. For the May 10,
1959 event, a total of 0.263 RAD would have been received using the RBE's as
before the biological dose from these netrons is 2. 53 HEM and the combined
biological dose for this event becomes 67+2. 5*^70 REM.

A galactic cosmic ray dose of 1.4 to 2.8 REM on a 14-day mission
(ER 11245M) during solar cycle maximum and minimum, respectively, had
been estimated earlier. No additional data has been found to change this esti-
mate. A comprehensive evaluation of the dose from these particles requires
interaction and biological effectiveness data which are not available.

Conclusions

The analyses undertaken and described in this report show the significant
radiation shielding afforded by the normal components of the Model 410 space-
craft. While the dosages to an unprotected man in the space environment may
be greatly in excess of tolerable amounts, it appears that adequate radiation
exposure protection is available within the Model 410 command module without
compromising the spacecraft and its mission.

A normal mission should not expose the Apollo crew to more than about 2.2
to 9.4 REM (Table VI-9).

Most of the flights likely will result in an exposure of less than 5 REM since
the full 14-day missions probably will coincide in time with the decreasing
values of cosmic ray dose.

An emergency condition is represented by the occurrence of a large heavy
particle flux from the sun, but an event of intensity sufficient to give a dose of
about 70 REM has a probability no greater than about 0.037 by the end of a 14-
day mission during sunspot cycle maximum.
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TABLE VI - 9

Normal Mission Dose Schedules Within
The Model 410 Command Module

Sunspot Phase Maximum (1968-1969) Minimum (1963-1964)

Best trajectory (outgoing and
incoming)

Van Allen protons

neutrons*

electron bremsstrahlung

Cosmic rays (14-day total)

0.12

0.28

0.40

1.40

2.20 REM

Worst trajectory

Van Allen protons

neutrons*

electron bremsstrahlung

Cosmic rays (14-day total)

1.26

2.74

4.00

1.40

9.40 REM
*Including a factor of two for reactions not considered

0.12

0.28

0.04

2.80

3.24 REM

1.26

2.74

0.40

2.80

7.20 REM
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Fig. 1-1. Inner Van Allen Belt
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Fig. 1-2. Proton Differential Kinetic Energy Spectrum for the Inner Van Allen Belt
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Fig. 1-3. Flux of Protons in the Van Allen Belt
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Fig. 1-4. Differential Kinetic Energy Spectrum Van Allen Belt Electrons
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Electron*/sq cm-aec-ateradlan
with energy > 20.000 CY

Fig, 3. Flux of Electrons In the Van Allen Belts

Fig. 1-5. Flux of Electrons in the Van Allen Belts
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RADIATION DOSE EVALUATION

bfi - 1

m - 1

MATERIAL
REGION

b.

X1

Fig. V-l. Radiation Dose Evaluation--General Case
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Fig. V-2. Radiation Dose Evaluation--Special Cases
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Fig. VI-4. Solar Flare Radiation

ER 12018



R-VIII-15

SOLAR FLARE RADIATION DOSE INSIDE "STORM CELLAR1

(NO MISSION MODULE EQUIPMENT CONSIDERED
CLASS 3+ FLARE - 5/10/59)
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Fig. VI-5. Solar Flare Radiation Dose Inside Storm Cellar
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Fig. VI-8. Solar Flare Proton Emergent Energy Spectrum
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Fig. VI-9. Van Allen Belt Proton Emergent Energy Spectrum
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Arre* IWJECTIOW

Fig. VI-11. Van Allen Belt Proton Dose Within Model 410 (case a)
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Fig. VI-12. Van Allen Belt Proton Dose Within Model 410 (case b)
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Pig. VI-13. Van Allen Belt Proton Dose Within Model 410 (case c)
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Fig, VI-14. Van Allen Belt Proton Dose Within Model 410 (case d)
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Fig. VI-15. Van Allen Belt Proton Dose Within Model 410 (case e)
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Fig. VI-16. Outer Belt Electron Flux Encountered on Three Lunar Trajectories
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PAKT II: Meteorite Environment
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SUMMARY

An investigation of the problem of meteorite impacts on the Apollo space-
craft indicates the effects of such impacts will be a major design considera-
tion. The study analyses were aimed at the probability of no penetration of
various critical components of the spacecraft.

Whipple's 1957 meteorite model (Ref. 1), used in the analyses, is the
more comphrensive of the various investigations and is presented in a form
suitable for engineering purposes. The Whipple 1957 model is compared with
the more recent data of Bjork (Ref. 2) and Jonah (Ref. 3). Both models show
an increase in the flux density of the meteorites over that of Whipple for the
range of design meteorites for the spacecraft and will warrant further investi-
gation as more data become available.

The probability analysis methods of Naumann (Ref. 5) were used in the
investigation to establish the probability of meteorite impacts of given sizes
according to Whipple's model. Using Naumann's methods, it was possible to
determine the design meteorite in relation to the exposed surface area of the
spacecraft component including time of exposure and the probability of no
penetration.

To determine the skin thicknesses needed to resist meteorite penetration,
Summers' equation (Ref. 7) was used. This equation was selected because of
its satisfactory correlation with impact test data over a wide range of veloc-
ities (up to 32, 000 ft/sec) and projectile-to-target density ratios. The various
other penetration formulae (Whipple's, Bjork's and Kornhauser's) were com-
pared for their penetration values for Whipple model meteorites. A wide
range of penetration values was found. Summers' equation gives the penetra-
tion of a given projectile into a thick target. The required thin skin thickness
for resisting penetration by a projectile was taken as twice the penetration in
a thick target.

The design overall probability of no penetration of the critical components
of the spacecraft was selected as 0.95 for a 14-day lunar orbit mission. The
analysis showed that to obtain a 0.95 probability of no penetration without a
significant weight penalty, the critical components would need protection with
a meteorite "bumper" shield. In the study analysis, a bumper shield of pro-
per design was assumed to allow the total skin (shield and structural) thickness
to be one-third of a single thick skin. An 0.040-in. aluminum alloy skin sur-
rounds the critical components of the propulsion and equipment module and
the mission engine components (Fig. 1-10). The heat shield acts as a bumper
shield for the command module pressure vessel.
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The study analyses show that the spacecraft has an 0.95 overall pro-
bability of no penetration (approximate) for the critical components during a
14-day lunar orbit mission. This value was based on the assumption of no
earth shielding, no mutual components shielding by each other and penetration
based on meteorite impacts normal to the surface.

Some recommendations are given for future effort required to obtain a
better definition of the meteorite environment and the penetration mechanism
due to hypervelocity impacts.
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I. METEORITE ENVIRONMENT

The spacecraft is subjected to meteorite impacts during travel in space.
These meteorites consist of particles of stone, iron or nickel of high density,
and probably low-density particles of the fragile dustball type. The dust-
balls are believed to outnumber all other types. These particles are known to
vary from large objects weighing many tons to fine dust which settles on the
earth. The meteorites, estimated to have velocities in the order of 11 to 72
km/sec, have orbits around the sun. Most knowledge of meteorites is based on
visual, photographic and radio observations of the entry of meteorites into the
atmosphere. Data also have been obtained from satellite probes. Because of
this, knowledge of the meteorite environment in space is limited, and the me-
teorite environment selected for design of the spacecraft is somewhat arbitrary.

Of the partial models for meteorite environment, Whipple's 1957 model (Kef.
1) appears most suitable for design purposes. This model uses a meteorite dens-
ity of 0.05 gm/cu cm and an average velocity of 28 km/sec for the larger bod-
ies, decreasing to 15 km/sec for the dust particles. Table 1-1, derived from
Ref. 1, defines the Whipple 1957 meteorite model. Figure 1-1 shows a plot of
the meteorite mass in relation to the flux density of Whipple's model, and the
more recent models of Bjork (Ref. 2) and Jonah (Ref. 3). Bjork's model uses
the same mass and velocity as Whipple's model, but the flux density is based
on data from Explorer I and Vanguard III, and a conservative assumption is
made that the meteorites have the density of stone (about 2.8 gm/cu cm). Jonah
(Ref. 3) has based his model on available data on atmospheric properties, IGY
meteor observation programs, high altitude rocket probes, satellite impact
counts and other sources. The zero magnitude meteorite has a mass of 16.8
grams, compared to 25 grams for Whipple's. Jonah indicates the density of the
meteorites in the magnitude range from 0 to 15 is 0.3 gm/cu cm, and the aver-
age velocity for various magnitudes approaches Whipple's velocities. The
range of design meteorites for the vehicle varies from visual magnitude 7 to 16
using Whipple's model. From Fig. 1-1, both Bjork's and Jonah's models show
an increase in flux density over Whipple's model.

For the design study analysis, Whipple's model was selected because it is
more definitive in the relation of mass, velocity, density and flux of the mete-
orites. Jonah's model merits additional investigation as further data becomes
available. Another consideration in the meteorite environment is the apparent
decrease of flux density with the increase in distance from the earth, as indi-
cated by Whipple (Ref. 4). This effect is not included in Whipple's 1957 model
and has been neglected in the study analysis.

A. PROBABILITY ANALYSIS OF METEORITE IMPACTS

Whipple's 1957 meteorite model gives flux density versus visual magnitudes.
To calculate hit probabilities, recourse must be made to probability methods of
analysis.
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TABLE 1-1

Whipple's 1957 Meteorite Model

Meteorite Density = 0.05 gm/cu cm

Visual
Magnitude

0
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

Meteorite
Mass (g)

25.0
9.95
3.96
1.58
0.628
0.250
9.95 X 10 ~2
3.96 X 10~2

1.58 X 10 ~2

6.28 X 10~3

2.50 X 10 "«j
9.95 X 10 ~4

3.96 X 10~4

1.58 X 10"4

6.28 X 10~5
2.50 X 10 ^
9.95 X 10~k
3.96 X 10 "6

1.58 X 10~6

6.28 X 10~7

2.50 X 10"'
9.95 X 10"^
3.96 X 10 3
1.58 X 10 g
6.28 X 10~9

2.50 X 10~9
9.95 X 10~^
3.96 X 10'fjj
1.58 X 10 -J°
6.28 X 10"}}
2.50 X 10" ;£
9.95 X 10

Diameter
(in.)

3.88
2.86
2.10
1.55
1.14
0.835
0.615
0.453
0.333
0.246
0.181
0.133
0.098
0.072
0.053
0.039
0.029
0.021
0.016
0.0114
0.0084
0.00615
0.00452
0.00314
0.00198
0.00125
0.00079
0.000497
0.000314
0.000198
0.000124
0.000079

Velocity
(ft/sec)

92,000
92,000
92,000
92,000
92,000
92,000
92,000
92,000
88,600
85,200
82,000
78,900
75,800
72,100
69,000
65,800
62,300
59,100
55,900
52,800
49,300
49,300
49,300
49,300
49,300
49,300
49,300
49,300
49,300
49,300
49,300
49,300

Number Striking
(sq ft/day)

3.55 X 10'Jjj
8.92 X 10"1

2.24 X lO'jj
5.63 X 10
1.41 X 1(T8

3.55 X 10'°
8.92 X 10~8

2.24 X 10~7

5.63 X 10~7

1.41 X lor**
3.55 X 10~6

8.92 X 10~6

2.24 X 10";?
5.63 X 10
1.41 X 10
3.55 X 10 4

8.92 X 10~4

2.24 X 10~3

5.63 X 10"|
1.41 X W~Z

3.55 X 10"2

8.92 X 10
2.24 X 10"}
5.63 X 10
1.41 X 10°
3.55 X 10°
8.92 X 10°
2.24 X 101

5.63 X 101

1.41 X 102

3.55 X 102

8.92 X 102

1 pound = 453.6 grams

Ref: Table I of Ref. 1
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The method in the study was based on the analysis by Naumann (Ref. 5). On the
assumption (according to Whipple's model) that the number of meteorities in-
creases by a factor of 10^-4 per magnitude step, the equation for the number
at any magnitude (m) is

N =N X10°-4m

m 0

where NQ = the number of zero magnitude meteorites.
However, if magnitude (mc) is sufficient to penetrate the skin of the spacecraft,
then anything larger (m < m ) also will penetrate. It is necessary to express
the total number (N,), which is the sum of all magnitudes up to and including m ,
as

Nt = NQ X 10 °'4 mc + NQ °'4 (mc " l) + (2)

The general expression becomes

oc= ZL X10°- 4 ( m c ' ] ) 'X 10 C (3)

J =0

Since 10 °'4 = 2.512,
0Q

j) m ^S~2.512 = 2.512 mc NQ x2_

which 'Is a geometric series and is convergent since . ;:.,- 1.
^_ —

— (r) 3 = —i— = 1 = 1. 6614
1 - r i I— (4)

2.512

N. = 1.6614 X 2.512 mcX Nrt .„t u (o;

8Whipple gives the value of N, up to magnitude 5 as 2 X 10 meteorites
striking the earth per day. The value of NQ can now be found by using Eq (5)

2 X IO8 = 1.6614 X 2.5125 X NQ (6)

NQ = 1.2 X IO6 (7)
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where NQ = the number of zero magnitude meteorites striking the earth in one
day.
The number of hits per day on a surface (As) by meteorites of magnitude up
to and including (mc) can be written as

n = Nt As = 1.6614 X 2.512 mc X N0 X Ag (8)

Ae Ae

where Ag = area of the atmosphere sphere

Assuming a Poisson distribution, the probability of exactly (h) hits in (T) days
is

P(h) = (nT)h e ~ nT . (9)

h !

Instead of summing P (1) + P (2) + P(3) + ..... P(n), the probability of no
hits (P0) will be calculated.

The probability of one or more hits denoted by P+ is:

P+ = 1 - P0 (10)

and the probability of zero hits is

p = _ n T = _NtA8T/Ae.

Since most meteors are observed at 80 kilometer altitude and the radius of
the earth is 6371 kilometers, the area of the atmospheric sphere is

Ae = 4 rr (6371 + 80)2 = 522.689 X 106 sq km. (12)

Combining the Nt/Ae term in Eq (11)

Nt = 1.6614 X 1.2 X 106 X 10 °-4 "k; number /sq km/day (13)

Ae 522.689 X 106

Nt
£- = 3.813 X 10~9 X 10 °-4 mc number/sq m/day (14)

= 3.813 X 10 (°'4 m° ~ number/sq m/day.
NtSubstituting the value of -r-in Eq (11), PQ may be written
Ae

P0 = - 3.813 X 10 <°'4 mc - 9) AsT

ER 12018



M-I-5

Letting x = -3.813 X 10 (0'4 mc " 9) and expanding e x gives

x , 2 3e = l+x + x_ + x_ + .....
2! 3!

For mc = 20, x Is small and therefore x2 and higher order terms may be
dropped and PQ becomes

<°'4 mc - 9> AsTP0 = [l - 3.813 X 10 <°'4 mc - 9> ] AsT. (16)

The probability of no hits on one square meter surface area In one day (i.e. ,
A8T = 1) is

pQ = £l - 3.813 X 10 (0'4 mc " 9)]j * (17)

The probability of one or more hits on one square meter in one day is

p + = 1 - P0 = 3.813 X 10 (0<4 mc " 9) (18)

where mc = the visual magnitude of the meteorite Just sufficient to puncture the
skin of the spacecraft.

Equation (16) becomes
AST

PO - <P0) <19>
AS

T-
or P0 = (1 - p +) (20)

Expanding Eq (20) binomlally

PO = i -(AST p +) + TA^T (AgT-i) P+ 22! .....

J
If p+ Is small, p+ 2 and the higher order terms may be neglected

PQ = 1 - AgT p+ . (22)

Substituting Eq (10) in Eq (22)

1-P + = 1-A Tp +s

P + = A T p + (23)

Eq (23) is a good approximation if the product ABT p+ -^ 1.0.
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If AST p+ > 1.0, Eq (19) must be written

lQglO P0 " AsT 10S10 P0 .

Where Ag = the effective area exposed to meteorite penetration.

For a satellite In close orbit around the earth, approximately one-half of its
area is shielded by the earth.

Figures I-2a and I-2b are plots of Eq (18) and show the variation of the pro-
bability of one or more hits on a square meter in a day with the meteorite visual
magnitude. To find the visual magnitude (mc) of the "design" meteorite that the
spacecraft skin must resist for a desired probability of no penetration (Po), and
for a given value of exposure (AST) , Eq (23) gives P+ = AST p+ and can be
written as 1 - PQ = AST p+

or PQ = 1 - AST p+ from which (25)

p+ =1- PQ (26)

Knowing the value of p+, the design visual magnitude can be found from Figs.
I-2a and I-2b.

For example, if the desired value of PQ = 0.95 and A8T = 100 square meters
X 14 days = 1400

p-t- = 1 - 0.95 = 0.05 =3 .58X10- 5

1400 1400

and, from Fig. I-2a, the design visual magnitude is found to be 9.95.

Fig. 1-3 is a plot of the visual magnitude of the design meteorite for various
values of the probability of no penetration versus the exposed area multiplied
by the time. For convenience, the value of AST given on Fig. 1-3 is in square
feet and days.

B. PENETRATION EQUATIONS

After the design meteorite is found by using Fig. 1-3 the skin thickness needed
to resist penetration by the meteorite is determined. Table 1-1 gives the mass,
diameter, density and velocity of a given meteorite. With these parameters the
penetration in a given target material can be calculated, if a penetration equa-
tion Is known.
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This "if Is a large one because no experimental Impact data Is available at
meteorite velocities and densities.

Various Investigators have advanced penetration equations, some based on
empirical equations derived from test data, some on theoretical considerations,
but nearly all give the penetration in a thick target. Because the structural
skins of the spacecraft are of aluminum alloy, the primary problem Is the pen-
etration of meteorites into aluminum. Four penetration equations are investi-
gated for a comparison of the meteorite penetrations given by the different
equations. These equations follow.

(1) Whipple's Equation — Ref. (1)

<27>E

where P = penetration in a thick target, ft

E = meteorite energy, ft- Ib
f = target density, Ib/cu ft
t = heat to fusion of target material, ft-lb/lb

For a meteorite of diameter (d) inches moving at a velocity (V) ft/sec and with
a density? M = 0.05 g/cu cm = 0.001808 Ib/cu in. and£ = 447 but/lb = 348, 000
ft-lb/lb can be found from

q
W 9
~X V * and W = 1728

E = 1/2 X .524f M d 3 X V2

32.2

E = 0.00814 f M d3 V2 (28)

(9X .00814 f M d3 V2)
and P =

4(V J rr* JV

p = ( 9 X .00814 X .001808 d3 V2 ) 1/3

(7TX .101X 348,000)

P = 10.62 X 10-4 d V
 2/3

or_P = 10.62 X 10-4 V 2/3 (29)
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where

P = penetration in thick target, inches

d = meteorite diameter, Inches

V = meteorite velocity, ft/sec.

Whipple's equation is theoretical and is believed to give penetration depths
for hypervelocity impacts that are too high.

(2) Kornhauser's Equation — Ref. (6)

h = 2 '(U)

(E)

1/3 r( 10.09

l(Eo)J

(30)

where

h = penetration (depth of crater), inches

U = kinetic energy of projectile, in. -Ib

E = modulus of elasticity of target material, psi
£»

EQ= reference modulus, 10 psi

for aluminum alloy targets, E = 10.5 X 106 psi

h = 2 U

(io.5 x 106;
'(10.5 X 106)]

)J
h = 0.01128 U */3 and from Eq (28) the kinetic energy of

meteorites is (31)
U = .00814 ̂ *M d3 V2 and.'. for£M = 0.05 g/cu cm = 0. 001808 Ib/cu in.

U = 14.7 X 10~6 d3 V2 (32)

Substituting the value of U from Eq (32) into Eq (31), we have

h = 0.01128 ( 14.7 X 10~6 d3 V2 ) x/3

h = 2.76 X 10~4 d V 2/3

or _h = 2.76 X 10-4 V 2/3 (33)

d

This equation is similar to Whipple's except the value of the constant is lower.
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(3) Summers' Equation - This is an empirical equation based on experi-
mental test data using many different projectile and target material combina-
tions. As given in Ref. (7), the equation has the form of

_P = 2.28r(fpj]2/3r£V)l2/3 (34)

where

P= penetration in a thick target, inches

d = diameter of projectile, inches

5 p = density of projectile, Ib/cu in.

$ t = density of target, Ib/cu in.

V = projectile velocity, ft/sec

C = speed of sound in target material, ft/sec.

For Whipple's meteorite density affp = . 05 g/cu cm = 0. 001808 Ib/cu in. and
for an aluminum target (ft = • 101 Ib/cu in., C = 16,740 ft/sec) Eq (34) re-
duces to

_P= 2.28R.001808)"|2/3 |"( y )|
d [( .101)] [_(16,740)J

= 2. 28 X . 0684 XI V 2/3

655

2/3

P= 2.38 X 10-4 V 2/3. (35)

This is close to the value given by Kornhauser, Eq (33).

(4) Bjork's Equation - This is a theoretical equation developed (Ref. 8)4
using a hydrodynamic model to explain hypervetocity impact. Equations were
derived for the impact of aluminum projectiles on aluminum targets and also
iron projectiles on iron targets. In Ref. (2), Bjork gives the penetration of an
aluminum projectile into an aluminum target as

p = 1. 09 (m v) I/3

where

P = penetration, cm
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m = projectile mass, gm

v = Impact velocity, km/sec.

Bjork, in Ref. 10, states that the use of a correction factor of the
Is subject to some conjecture for it rests on no theoretical basis. He
favored the value of 4- I/3 and0»l/3 in a general penetration equation as

p~m jt p " L . (37)

Letting K = a constant and equating Eq (36) and (37) and solving for K:

1.09 ( m v ) 1/3= Kml/S^t'^p^-1/3 /V\a

1. 09 ( m v ) 1/3 = Km 1/3f t"° 1/3

f t - l /3 A (38)
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For aluminum targets, _f ^ = 2. 8 g/cu cm andC = 5.1 km/sec

1.09 = K(2.8)-1/3 / I 1 / 3

K = 1.09 X 1.41 X 1.721

K = 2. 63 (39)

Thus,

P = 2 . 6 3 m 1/3 j>t - 1/3 fV\ 1/3 (40)

where d = the meteorite diamster, cm

p = 0. 05 g/cu cm (density)

P = 2. 63 ( t X d 3 X) X / 3 > - 1/3 /V\ ll/3 (41)/V\

P= 2.63 X .806 d

= 2. 63 X. 806 X I.05\V3 X d X V/.05\
(2.8J1.721 .

P = . 3 2 2 d V 1 / / 3 or Z = 0 .322V 3 (42)
d

where

P = penetration, cm

d = meteorite dia, cm

V = meteorite velocity, km/sec

Eq. (42) probably extends Bjork's work, but necessarily for comparison with
the other formulas.

A comparison was made of the penetrations in a thick aluminum target as
given by the four different equations for the meteorite model of Whipple with
a density of 0. 05 g/cu cm. The results are shown in Fig. 1-4. It has been
assumed that the relationships may be applied to the meteorite conditions of
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velocity and density. Examination of Fig. 1-4 shows that Bjork's equation
gives higher penetration than either Summers' or Kornhauser's equations,
although Bjork's equation uses velocity to the one-third exponential compared
to two -thirds for the other equations. Whipple's equation, as was expected,
gives the highest penetration.

For thick aluminum targets, the effects of the ratio of projectile to target
density on the penetration to diameter ratio for the velocity range of mete-
orites are shown in. Fig. 1-5. The different equations are in closer agreement
at the high than the low density ratios. An analysis was made of the compara-
tive test data, using Summers' and Bjork's equations with available test data
(Fig. 1-6). From the figure, Summers' equation matches the experimental
data over a wide range of /•^M^.vN and (P/d) to 32, 800 fps. Bjork's equation

"
does not fit the test data, as shown on Fig. 1-6 and seems to indicate values
of P/d too low for values of/^M V \ of 1. 0 and higher, it is of interest

\fT x ~c)
to show the range of/fM x^\ that might be experienced for meteorites hitting

I FT cV
an aluminum target as shown in the following tabulation.

Range o f f f M Y V \for Meteorites On Aluminum Targets
(* t *c )

Meteorite
Type

Dustball

Stony

Iron

Density
(g/cu cm)

0.05

2.7

7.8

Minimum Velocity
V = 11 km/sec

0.0386

2.08

6.01

fM „ V
f t X C

Average Velocity
V = 28 km/sec

0.0984

5.40

15.30

Maximum Velocity
V = 72 km/sec

2.52

13.6

39.3

For aluminum target, f ^ = 2. 8 g/cu cm; C = 5. 1 km/sec

The range of test data extends to a value of/-^M V\= 6. 1 for the Ballis-
L/JT xc/

tics Research Laboratory tests at 10 kilometers per second.

Summers' equation was used for the study analysis to determine meteorite
penetration because of its close agreement with experimental data (Fig. 1-6).
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C. DETERMINATION OF REQUIRED SKIN THICKNESS

Summers' formula gives the penetration of a projectile in a thick target.
Since most structural components of the spacecraft have relatively thin skins,
a formula is required for penetration into thin targets. Kinard et al (Ref. 11)
indicates that a projectile can completely penetrate a target the thickness of
which is 1-1/2 times as large as the penetration into a quasi-infinite target.
Since this analysis explores the probability of no penetration of various pres-
surized components of the spacecraft, the required thin skin thickness was as-
sumed to be twice the depth of penetration in a thick target given by Summers'
equation. The factor of two rather than 1.5 was taken because the skin of the
pressurized components are under stress at the time of possible meteorite
impacts.

Therefore, the required single layer skin thickness, t = 2p, where p is the
penetration given by Summers' equation.

To recapitulate, the parameters of the meteorite (diameter, velocity and
density) are obtained from Table 1-1, and the required skin thickness can be
found by using Summers' equation. Thus, the required skin thickness to re-
sist penetration by a meteorite of a given visual magnitude can be determined.
Skin thicknesses for the various materials usable on the spacecraft are listed
in the following tabulation.

Material Properties

Speed of Sound
Density in Material

Material (Ib/cu in) (ft/sec)

Aluminum 0.101 16,740

Steel 0.281 16,410

Magnesium 0.067 16,500

Titanium 0.162 17,800

Glass 0.081 17,750

Phenolic-nylon 0.044 5,320
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The results are presented In Fig. 1-7 for these materials. The curve for
glass has been included because of its use for windows and optical sights.
Phenolic-nylon is an ablative heat shield material. Fig. 1-8 shows the unit
weight required to withstand penetration by a meteorite of a given visual mag-
nitude.

Most of the structural material used for the pressure vessels of the com-
mand module and the mission module, the fuel tanks, etc., of the spacecraft
will be of aluminum alloy. Fig. 1-9 is used to obtain the required skin thickness
for a given value of the probability of no penetration and the exposure for alum-
inum alloy material. It was developed from the methods used to establish
Figs. 1-3 and 1-7 and is essentially a cross plot of them. Fig. 1-9 was used to
determine the overall probability of no penetration for the spacecraft as will be
shown later.

D. DESIGN PROBABILITY OF NO PENETRATION

The spacecraft will be exposed to the relatively unknown hazard of meteor-
ite impacts. Since many components of the spacecraft are pressurized vessels
(tanks, etc.), these components must be able to withstand, with a reasonable
reliability, the chance of meteorite impact during the 14-day mission. Accord-
ingly, a design value must be selected for the probability of no meteorite pene-
tration of critical components. The design value selected is 95% overall prob-
ability of no meteorite penetration using Whipple's 1957 meteorite model and
Summers' penetration equation. This 95% value represents a best-judgement
estimate after considering spacecraft weight limits and the desired chance of
completing the mission.
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E. METEORITE BUMPER CONCEPT

Preliminary analyses using the curves of Fig. 1-9 indicated that heavy alu-
minum single-layer skin thicknesses are required to obtain a probability of no
penetration of 95% or higher for the larger components of the spacecraft (Fig.
I-10). For example, the mission module has a surface area of 271 square feet
and an exposure for the 14-day mission of 271 X 14= 3795 sq ft-days. Using
Fig. 1-9, the following skin thicknesses can be found.

Skin Thickness Requirements

Probability Required Single
of No Penetration Layer Skin Thickness

(in.)

0.80 0.061
0.90 0.076
0.95 0.100
0.99 0.171
0.999 0.390
0.9999 0.880

Since it is desired to obtain 0. 95 overall probability of no spacecraft pene-
tration, the probability value for each of the components will have to be approx-
imately 0. 99. This would indicate a skin thickness of 0.171 inches which is
much heavier than that required by pressure loads. However, Whipple pro-
poses the meteorite "bumper" concept which indicates a significant reduction
in total skin thickness by using two skins suitably spaced rather than one thick
skin. The outer skin serves as a shield (bumper) and causes the meteorite to
disintegrate on impact, greatly reducing inner skin damage. From tests by
Olshaker (Ref. 12), it appears that a bumper of suitable design may allow a
reduction in a single-layer thickness to one third. Olshaker's data were ob-
tained from tests using lead targets.

A recent paper by Wallace et al (Ref. 13), states that a weight reduction of
50% or more may be achieved by a proper shield design. For the study analy-
sis, it is assumed that the use of a bumper allows a reduction such that the
combined thickness of the bumper shield and the adjoining skin is only one-third
of a single layer skin thickness needed to resist meteorite penetration. To take
advantage of the bumper concept, the critical components of the spacecraft are
protected by an 0.040-in. aluminum skin around the propulsion and equipment
module, and the mission engine components (Fig. 1-10). The command module
pressure vessel is protected by the heat shield which serves as a bumper. The
0.040-in. bumper skin thickness is based on an analysis made at The Martin
Company (Ref. 14). This analysis indicates the shield thickness should be
equal to 0.47 times the radius of the meteorite to give the most efficient con-
version of energy. As indicated in Fig. 1-1, the range of design meteorites for
the spacecraft is from visual magnitude 7 to 16; thus, the bumper shield thick-
ness is in accordance with Ref. 14.
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Bumper Thickness Requirements

Visual Diameter of Bumper Thickness
Magnitude Meteorite = ( 0 . 4 7 X d )
- in- 2

7 0.453 0.110
8 0.333 0.078
9 0.246 0.058

10 0.181 0.043
11 0.133 0.032
12 0.098 0.023
13 0.072 0.017
14 0.053 0.0125
15 0.039 0.0092
16 0.029 0.0068

An 0.040-in0 aluminum skin will resist meteorite puncture of visual
magnitude 14 and higher (Fig. 1-7). The 0.040-in. bumper skin can be con-
sidered as an average bumper thickness until more definitive data become
available on the various parameters of bumper shield design.

F. HYPERVELOCITY IMPACT TESTS

Hypervelocity impact tests initiated by The Martin Company are being con-
ducted by the Ballistic Research Laboratory at the Aberdeen Proving Ground.
The objective of the tests were to determine the bumper shield effectivity of
aluminum alloy materials and the penetration resistance of various heat
shield materials. Since only a few tests have been made to date, only gen-
eral conclusions on the significance of the results can be made. Fig. 1-11 and
-12 show the results of the impact of a 0. 18-gram steel disc (approx I -in.

16
thick and J3 -in. diameter) at a velocity of 5.01 km/sec (16,430 ft/sec) on a

16
1-in. plate protected by a 0.10-in. thick shield spaced 1-in. As may be seen,
the projectile was broken up by the 0.10-in. thick shield and created only
3/16-in. deep pits in the 1-in. plate, showing that the shield is effective if the
projectile is broken up. The penetration aluminum target which is unshielded
for the same projectile using Summers' equation is 0.61 inch.

Figure 1-13 shows the results of the impact of the 0. 18-gram steel disc at
5.01 km/sec on a foamed silicon-carbide heat shield specimen with a density
of approximately 0. 017 Ib/cu in. The silicon carbide shows severe
cratering and spalling. The adhesive has been torn from both the silicon car-
bide and the 0.063-in. aluminum backup plate. The 0.063-in. plate shows a
large petal-shaped hole apparently caused by a pressure wave effect from the
silicon carbide particles. The specimen (Fig. 1-14) is foamed silicon carbide
impregnated with phenolic resin. The density of the specimen is about 0.038
Ib/cu in. and is bonded to an 0. 063-in. aluminum alloy backup plate. The dam-
age (Fig. 1-14) was caused by the impact of a 0. 18-gram steel disc (1 -in.

16
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thick by approximately 3 -in. diameter) at a velocity of 5.01 km/sec on the
T6

2 1/2-in. thick specimen. The crater is approximately 2-in. deep and 2 1/2-in.
in diameter. The penetration given by Summers' equation for this test is 2. 54-
in.

The silicon carbide brick was badly cracked and the 0.063-in. metal back-
up plate was partially separated from the brick. No bulging or perforation of
the 0.063-in.plate occurred in this test. Because of its brittle behavior,
foamed silicon carbide does not appear promising in its ability to withstand
hypervelocity impacts.

G. RESULTS AND RECOMMENDATION

The results of the meteorite penetration study for the spacecraft are shown
in Table 1-2. As previously explained, the analysis is based on Whipple's 1957
meteorite model and Summers' penetration equation. To obtain an overall
vehicle probability of no penetration, the exposed surface area and effective
skin thickness of various critical components were used. The 0.040-in. thick
external skin shown in Fig. 1-10 surrounds the critical components of the mis-
sion and equipment module and the propulsion system. Advantage has been
taken of this surrounding skin to serve as a meteorite bumper to protect the
enclosed components. Likewise, the superalloy honeycomb panel and the ab-
lation material serve as a bumper for protection of the command module
pressure vessel. In order to arrive at the probability of no penetration for the
various components, it was necessary to determine the equivalent skin thick-
ness of aluminum where the materials used are different (e. g., the heat
shield). This was done by finding the equivalent penetration resistance of the
material in terms of aluminum. The penetration furnished by the bumper
shield is assumed to increase the penetrating resistance of the shield plus the
structural skin by a factor of three.

Table 1-2 shows that the M-l-1 spacecraft has approximately 0.95 overall
probability of no penetration. This probability is based on a conservative
assumption of no earth shielding, no mutual shielding of the components by
each other and penetration based on meteorite impacts normal to surface.

Until, more knowledge of the meteorite environment in space and the hy-
pervelocity impact mechanism at meteorite velocities is obtained, any
meteorite penetration analysis represents only an estimate. No precise
evaluation of the meteorite hazard can be made.

The following recommendations are offered

(1) The obvious continuation of the present meteorite observation pro-
grams—visual, radar, radio and photographic.
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1. Average heat shield cross section

<-> -> o

. 300 in. thick nylon-phenolic ablator
(equivalent to 0.080) aluminum

- Superalloy honeycomb panel
(0.010 in. skins); equivalent to 0.040
in. aluminum

- 0.50 in. insulation

0.040 in. aluminum pressure vessel

2. Assuming bumper increases effective skin thickness 3 times i. e.,
effective skin 3 X (Bumper thickness*Basic thickness)

3. Helium Reservoir is 0.192 in.-wall Titanium (equivalent to 0.270 in. of
aluminum)

4. External 0.040 in. aluminum skin acts as a bumper

5. Engine nozzle cooling tubes are 0.013 in.-wall stainless steel (equivalent
to 0.025 in. aluminum)

6. Overall probability of no penetration, no earth shielding, no mutual shield-
ing of components and all meteorite impacts normal to surface.

7. Exposure based on 3-1/2 days earth-to-moon and 7-day lunar orbit (ex-
posure = 10-1/2 days) after which period engine is not used. A reduction
factor of 0.5 accounts for the sloping sides of the nozzle.
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(2) Specific satellite probes to obtain data on the size and frequency of
meteorites near the earth. A program may be undertaken to evalu-
ate the meteorite risk based on time that certain size satellites such
as Vanguard and Echo have been safely orbiting the earth.

(3) Continuation of the current hypervelocity impact programs, but
emphasizing target impact and typical spacecraft materials and con-
struction. The penetration characteristics of typical or possible
heat shield materials such as charring ablators, sublimating ab-
lators, ceramics, etc., need investigation.

(4) Further investigations of optimum meteorite bumper shield parame-
ters for typical spacecraft materials. This is important because the
use of a meteorite bumper shield appears a necessity for large
spacecraft.
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Fig. I-2a. Probability of One or More Hits Versus Visual Magnitude
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Fig. I-2b. Probability of One or More Hits Versus Visual Magnitude
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Fig. 1-9 Aluminum Skin Thickness Versus Exposed Area Times Time-
Whipple's 1957 Meteorite Model
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Fig. I-10. Meteorite Shield Arrangement for M-l-1 Apollo Spacecraft
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0. 10 inch
thick

bumper

Spray particles
from 1 inch plate

Pits in 1. 0 inch
plate up to 3/16
inch deep

Fig. 1-12. Damage to 1-in. Plate After the Projectile Has Passed Through
0.10-in. Thick Shield--Projectile Steel Disc of 0.18 Gram with
Velocity Equal to 5.01 km/sec
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