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FOREWORD

The Apollo Program has provided, and will continue to pro-
vide, a wealth of scientific data. Until recently, these data
were analyzed primarily by the Principal Investigators and their
teams under the proprietary rights recognized by NASA. Following
the last Apollo mission, the Lunar Analysis and Synthesis Program
was established to encourage the participation of a larger segment
of the scientific community in lunar science development (e.g.,
through the multidiscipline studies, development of comprehensive
models of lunar origis and evolution, studies of lunar physical
properties and motions, studies of the internal and external
processes operating on the Moon, etc.).

One of the first activities of this program was to determine
the procedures for disseminating lunar science data as broadly
and effectively as possible. This handbook was written to assist
in the dissemination of these data to the scientific community
and especially to facilitate greater participation in the evalua-
tion of lunar science data.

The NASA Lyndon B. Johnson Space Center acknowledges the
efforts of the Geophysical Data Evaluation Working Group in the
establishment and implementation of the data archiving procedures.
We also appreciate the cooperation of the Principal Investigators :
and their teams and the Lunar Science Institute in presenting ;
information and written material for this handbook. :



INFORMATION ON REVISIONS

This publication will be revised peviodically to provide
more current information. If you want an updated copy of this
document, f£ill out the attached card and mail to W. F. Eichelman,
TN-3, Lyndon B. Johnson Space Center, Houston, Texas 77058.

W. F. Eichelman, TN-3
Lyndon B. Johnson Space Center

Please place my name on the mailing list for the next
revision of the Apollo Scientific Experiments Data Handbook
(NASA TM X-58131).

Nare:

Address:

Affiliation:
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1. INTRODUCTION

The purpose of this handbook is to present an overview
of the Apollec PFrogram scientific experiments to assist the
scientific community in further study and synthesis of the
axperiment data. The experiment informaticn in this
publication is not intended for use in data analvysis; it is
given only as a guide for the preparation of data analysis
plans.

Tach experiment is explained and the equipment is
described. 1limited descriptions are given of the computer
programs used in the data processing, together with
information about location and availability of the data.

The distribution of data will generally ke handled by
the National Space Science Data Center (NSSDC). After the
user has studied this handbook and decided on the area of
investigation or data synthesis, he should regquest data for
specific time periods of srecific missions. The procedure
for requesting data from NSSDC is described in the following
paragraphs.

DATA AVAILABILITY AND ORDERING PROCEDJIRES

The purpose of the NSSDC is to provide data and
information from space science experiments in support of
additional studies beyond those performed by the principal
investigators. Therefore, NSSPT will provide data and
information, upon request, to any individual or organization
in the United States. 1In addition, the same services are
available to scientists outside the United States through
the World Data Center A for Rockets and Satellites (WDC=-A-
RES) . Normally, a charge is made for the reguested data to
cover the cost of reproduction and the processing of the
request. The requester will be notified of the cost, and
payment must be received prior to processing the request,
The director of NSSDC may waive, as resources permit, the
charge for modest amounts of data when they are to be used
for scientific studies or for specific educatiomnal purposes
and when they are requested by an individual affiliated with
cne of the following:

1. NASA installations, NASA contractors, or NASA
grantees

1-3




2. Other U.S. Government agencies, their contractors,
or their grantees

3. Universities and colleges

4, State and local Governments

S. Nonprofit organizaticns

A user can obtain data in any of the following ways:
1. Lletter request

2. NSSDC Data Request Form (fig. 1-1)

3. Telerhone request

4. Onsite request

Anyone who desires to obtain data for a scientific
study should specify the NSSDC identification number, the
common name and/or number of the satellite and the
experiment, the form of data, and the time span (or
location, when appropriate) of data requested. (Because
some of the Apollo science experiments are still returning
useful data and data from others may not have been depositnd
in the NSSDC, users should consult the most recent NSSDC
Data Catalog of Satellite Experiments for specifics on time
periods of data coverage and availability.) A requester
should also specify why the data are needed, the subject of
his work, the name of the organization with which he is
affiliated, and any Government contracts he may have for
performing his study.

When requesting data on magnetic tape, the user should
specify whether he will supply new tapes prior to the
processing, return the original NSSDC tapes after the data
have been copied, or pay for new tapes.

The NSSDC official address for requests is
National Space Science Data Center
Code 601.4
Goddard Space Flight Center
Greentelt, Marvland 20771

Phone: 301 982-6695

1-4



Users who reside outside the United States should
direct requests for data to

World Data Center A for Rockets and Satellites
Code 601

Goddard Space Flight Center

Greenktelt, Maryland 20771 U.S.A.

Phone: 30t 982-6695

THE NSSDC FACILITIES AND SERVICES

The NSSDC provides facilities for rerrcduction of data
and fcr onsite data use. Resident and visiting scientists
are invited to study the data while at NSSDC. The NSSDC
staff will assist usecrs with additional data searcies aad
Wwith the use of equipment. In addition to satellite and
space probe data, the NSSDC maintains some correlative data
and information on other correlative data that may ke
related to a specific request. These correlative data are
described in the "NSSDC Handbook of Correlative Data"™ (NSSDC
71-05), which is available from the Data Center,

In addition to its main function of providing selected
data and supporting information for further analysis of
space science flight experiments, the NSSDC rroduces a wide
spectrum of publications. Among these are documents tlat
announce the availability of spacecraft experimerc data, a
report on active and planned@ spacecraft and experiments, ~nd
lunar and planetary photographic catalogs and users guides.
Por additional information on NSSDC and WDC-A-RES document
availability and distribution services, write to the
appropriate address as given earlier and ask for document
NSSDC/WDC-RA-RES 74-10,
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NSSDC DATA REQUEST FORM*

GREENBELT, MARYLAND 20771, USA

Scientists OUTSIDE the United Stotes send order to: Requesters WITHIN the United Stotes send order to:
WORLD DATA CENTER A
ROCKETS AND SATELLITES NATIONAL SPACE SCIENCE DATA CENTEF
CODE 601 CODE 601.4

GODDARD SPACE FLIGHT CENTER GODDARD SFACE FLIGHT CENTER
GREENBELT, MARYLAND 20771

REQUESTER INFORMATION (Plecse grint)

NAME TITLE/POSITION
DIVISION/BRANCH/DEPARTMENT MAIL CODE
ORGANIZATION

ADDRESS

cITY STATE

TELEPHONE (Area Code) (Number) (Extension)

ZIP CODE OR COUNTRY

DATE OF REQUEST DATE DATA
DESIRED Plaase allow omple time for delivary. We will notify you if

we cannot meet the date specified,)

(Our average processing time for o request is 3 to 4 weeks.

INTENDED USE OF DATA (check all that apply)

0 Support of a NASA effort (project, study, etc.), Contract No.
[0 Support of @ U.S. Gover.ment effort (other than NASA)
[0 Research and analysis project (individual or company sponsored)

O Exhibit or display
T Reference moterial
O Use in publication

{3 Educational purposes {exploin below)
[ Preparation of Master's thesis

(3 Preparation of Doctoral thesis

O Othe:r:

NSSDC requests the submission of ail publications resulting from studies in which dota supplied by NSEDC
hove been used. Please state briefly the research projects in which you are engaged ond if you plan to prepare

ony articles based on this research.

*NSSDC has ovailoble special forns for ordering photagraphic data from the Surveyor, Lunar Orbiter,
Apolla, ond Mariner missions, These forms will be provided on request.

(a) Front.
Figure 1-1.- The NSSDC data request form,
1~6
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2. ALSEP EPHEMERIS DESCRIPTION

The Apollo lunar surface experiments package (ALSEP) ephem-
eris tape is generated by using data obtained from a single pre-
cision ephemeris tape containing positions of the Moon and the
Sun with respect to the Earth for the period from the year 1950 to
the year 2000. This tape was constructed using data provided by
the NASA Jet Propulsion Laboratory.

TECHNICAL DESCRIPTION

The data used to construct the ALSEP ephemeris tape are in
the mean equinox of the epoch coordinate system, where the epoch
is defined as the nearest beginning of a Besellian year. The
positions of the Moon and the Sun are found relative to the posi-
tion of the Earth at a specified time by applying Newton's fifth-
order interpolation to the tabular data. The two resulting
vectors are rotated into the true-equinox-of-date system by appli-
cation of the matrices of precession and nutation. The origin of
the coordinate system is then translated to the Moon center, and
the transformation into selenographic coordinates is accomplished
using the libration matrix (ref. 2-1). The selenographic x-y
plane is the true equatorial plane of the Moon, with the x-axis
passing through the prime meridian. The 3z-axis lies along the
true axis of the Moon in a northerly direction, and the y-axis
completes the right-handed system.

USAGE

All output coordinate systems are pcsiticned so that their
origins are located at the ALSEP. Output is in both the spherical
and Cartesian representation of three basic ALSEP~centered coordi-
nate systems.

System 1
The primary plane of the first coordinate system is the ALSEP
meridian plane. The Cartesian x-axis points radially outward

from the ALSEP (toward the zenith), the 2z-axis lies in the ALSEP
meridian plane in a northerly direction, and the y-axis lies in

2=3
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the equatorial plane completing the right-handed system. The
construction of the coordinate system is as follows.

cos , cos A cos ¢ sin ! sin ¢]/k\
y'}l = |=-sin A cos A 0 v (2-1)

~sin ¢ cos A =-<in ¢ sin A <cos ¢J\z

where x',y',z' denote the ALSEP-centered axes, X,Y,Z
denote the selenographic axes, X 1is the selenographic longitude
of the ALSEP, and ¢ is the selenographic latitude of the ALSEP.

The primary plane of the spherical coordinate system is the
Cartesian x'-z' plane; the principal axis is the x' axis. The
in-plane angle 6 is measured from x' toward z' in the range
-1 to 7. The out-of-plane angle ¢y is measured from the pri-

mary plane toward the positive y' axis, in the range % to %.

r (2-2)

System 2

The Cartesian x-axis of system 2 is the ALSEP-Earth line,
which is positive toward the Earth. The y-axis lies parallel to
the Earth-Moon-line/Moon-velocity plane in the direction oppos.te
the Moon velocity vector. The 2z-axis completes the right~handed
system as follows.
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where ;,;,E are the axes of coordinate system 2, ﬁE/A is the

unit vector from ALSEP toward Earth, ﬁM/E is the position vectcr
from Earth to Moon, VM/E is the velocity vector of the Moon, and

x denotes cross prcduct. The primary plane of the spherical sys-
tem is the x-y plane of coordinate system 2. The principal axis
~nf the spherical system is the Cartesian x-axis. The construc-

tion of the spherical vectors of the Earth and the Sun are as
follows.

R = \[xz + Y2 + 22 }
_ -1y
6 = tan (x) y (2_&)
p = sirx_1 2
\sz + y2 + z2 )
System 3

The x-axis of system 3 is the unit vector directed from
ALSEP toward the Sun. The z-axis is nearly normal to the eclip-
tic planc, positive northward. The x-axis is rot truly in the
ecliptic plane. The y-axis completes the righc-handed system.

)

b
]
b o B

S/A

Y (2-5)

Ny <
i
Ny Eo

[

Xy

X
<y

where H 1is the unit vector normal to the ecliptic. The spheri-
cal system is directly analogous to system 2.

UNITS

Al 4tput angles are in radians. Distance units are Earth
redii (ER). One ER is equal to 20 925 696.3 U.S. f¢t,
20 925 738.19 international ft, or 6378.165 km.
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OUTPUT TAPE FCRMAT

The output tape format is in Univac FORTRAN. The header
record consists of a control word; four integers giving ALSEP
number, day, month, and year; check sum; and another control word.
Data records consist of the control word and 24-hr blocks of
ephemeris that will be contained in 468 words per record. The
words are as follows.

Word Description
1 Calendar year
2 G.m.t. elapsed days from January 0
3 00 (two zeros), which corresponds to 00:00 G.m.t.

(Words 4 to 15 will all be relative to system 1.)

4 x coordinate from the ALSEP to the earth center

5 y coordinate from the ALSEP to the Earth center

6 z coordinate from the ALSEP to the Earth center
7 to 9 Spherical coordinates op,0,¢y of words 4, 5,

and 6, respectively

10 to 12 Cartesian coordinates x,y,z, respectively,
measured from the ALSEP to the Sun center for
00:00 G.m. t.

13 to 15 Spherical coordinates ¢,6,y, of words 10 to 12,
respectively

(Words 16 to 27 will be relative to system 2.)

16 to 18 Cartesian coordinates x,y,2 of Earth center at
00:00 G.rr. t.

19 to 21 Spherical coordinates o,6,y, of words 16 to 18,
respectively

22 to 24 ~ Cartesian coordinates x,y,z of Sun center

at 00:00 G.m. t.

25 to 27 Spherical coordinates op,06,y of words 22 to 24,
respectively
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Word Description

(Words 28 to 39 will be information using system 3.)

28 to 30 Cartesian coordinates x,y,z of the Earth center
at 00:00 G.m. t.

31 tc 33 Spherical coordinates 0,6,y of words 28 to 30,
respectively '
34 to 36 Cartesian coordinates Xx,y,z Sun center

at 00:00 G.m.t.

37 to 39 Spherical coordinates p,9,¢y of words 34 to 36,
respectively
40 Calendar year
41 G.m.t. elapsed days from January 0
42 02 (hours of G.m.t. for word 41)
43 to 78 Repeat of wcrds 4 to 39 except for a new time
(word 42)
79 Calendar year
80 G.m.t. elapsed days from January 0
81 04 (hours of G.m.t. for word 80)
82 to 117 Repeat of words 4 to 39 except for a new time
(word 81)

This scheme will repeat nine times to complete the day.
Words 1, 40, 79, 118, 157, 196, 235, 274, 313, 352, 391, and 430
all will be calendar year. For a given record, each of these
words will contain the same constant value. Words 2, 41, 80, 119,
158, 197, 236, 275, 314, 353, 392, and 431 all will contain the
number of days elapsed from January 0. For a given record, each
of these words will contain the same constant value. Words 3, 42,
g1, 120, 159, 198, 237, 276, 315, 354, 392, and 432 ali will be
hour designators starting at 00 hovrs and incrementing by 2 for
each word. For example, the ephemeris information for 12:00 G.m.t.
October 20, 1966, would be the 12 words following word 237 of
day 293 of 1966. Within each system, the first three words denote
Earth Cartesian coordinates x,y,z; the secund three words denote
Earth spherical coordinates o,¢,¢y; the third three words denote
Sun Cartesian coordinates x,y,2; and the fourth three words
denote Sun spherical coordinates o¢,9,¢.



One complete ephemeris 26-bit magnetic tape is sent to each
principal investigator (six tapes). Books of ephemeris data from
4020 microfilm are made as the demand requires. The microfilm
data are written by the computer just after the output tape is
written. The microfilm copy is not, therefore, & copy produced
by reading the outpu. data tape.

The Univac can write only 256~-word records; therefore, one
logical record appears in two physical records on tape. The
second of each pair has zeros inserted at the end to fill up the
256~word record. In the control word, bits 11 to 0 give the
block number within the logical record and bits 35 to 18 give the
number of data words in the physical record.

DATA ARCHIVED AT NSSDC

Ephemeris data and appropriate documentation will be avail-
able through the National Space Science NData Center (M3SDC).

REFERENCE

2-1. Kalensher, B. E.: Selenographic Coordinates. NASA CR-53132,
1961.

2-8



3. EXPERIMENT STATUS

This section gives the current status of lunar surface
and lunar orbital experiments conductad during the Apollo
Program., Experiment status is divided into two subsections:

Part A: Lunar Surface Experiments
Part B: Lunar Orbital Experiments

Data users should consult this section for the current
status of the lunar experiments. The status is updated
periodically, and current information can be obtained from
the Nationzl Space Science Data Center (NSSDU). Sections 4
tno 315 of this handbook give background information on each
experiment, but the yrammatical structure of the sections
(e.g., verb tense) is not necessarily an indication of the
current operational status of a yiven experiment.
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PART A:
S-031
S-033
S-034
5-035
5-036
S-037

5-038

5-058
5-078
5-202
5-203
5-205
5-207

M-515

COUNTENTS - SECTION 3

LUNAR SURFATE EXPERIMENTS . « o « o« + « &
PASSIVE SEISMIC EXPERIMENT . . . . . . .
ACTIVE SEISMIC EXPERIMENT . . o« « ¢ o o &
LUNAR SUBRFACE MAGNETOMETER . . « « 4 « &
SOLAR-WIND SPECTRbHETER e o o o o o s & o
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CHARGED PARTICLE LUNAR ENVIFONMENT
EXPERIHENT L 4 L ] L 2 L] - L ] L] L] . - - » * . -

COLD CATHODE ION GAGE « + o « ¢ o o & & =«
LASER RANGING RETROREFLECTOR . . . « .« =
LUNAR EJECTA AND METEORITES EXPERIMENT .
LUNAR SEISMIC PROFILING EXPERIMENT . . .
LUNAR ATMOSPHERIC COMPOSITION EXPERIMENT
LUNAR SURFACE GRAVINMETER . . « ¢ o ¢ « &

DUST DETECTOR EXPERIMENT . .« + o o o o &

CENTRAL STATION ELECTRONICS . & ¢ o ¢ o o o« o o

PART B:

LUNAR ORBITAL EXPERIMENTS . « &+ ¢« o« o o« &
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PART A: LUNAR SURFACE EXPERIMENTS

Scientific data-gathering equipment and related
communications equipment were deployed on the luner surface
during each of the six Apollo lunar landinyg missions from
July 20, 1969 (Apollo 11 mission), to December 12, 1972
(Apollo 17 mission). The perforrance of the deployed
equipment, which was designed to provide data after the
return of the crevwmembers to Earth, is detailed ir the
following pages. This experiment status is as of April 1,
1976.
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5-031

Time history and proportion of full capability of instrument

e -y

PASSIVE SEIS!. .C EXPERIMENT

. . 1969 1970 1971 1972 1973 1974 1975 1976
Experiment Mission
)| LI T 1 T I 1T T Tt I T T rrrT | NEENRERERE| (117
1
Passive seismic 11 n
2 DENIQI{
12
3 U ( OIQCOC
14
4 =
15 ===
| L]
16
111 7 14
Legena:
Science data output 130/0 s
Housekeeping data wort

Apolio

Item nmission
1 1"
2 12
3 12

Initial date

—— - — — —

Aug. 27, 1969

Nov. 19, 1969

Nov. 22, 1969

Status

PSE STANDBY mode. Station 11
operated for 20 Earth days
before loss of the ALSEP

central station command uplink
terainated seismometer functions
such as leveling, gain adjust-
ments, and calibration.

SPZ component displaying re-
duceu sensitivity at low signal
levels. The other three
seismometers (J.PX, LPY, LPZ)
have operated properly since
initial activation.

Thermal conti1ol problenms.
These thermal disturbances are
most intense near sunrise and
sunset. They are believed

to be due to thermal contrac-
tion and expansion of the
alumirized Mylar shroud

that covers the sensor unit
or to thermal comntraction

and expansion nf the cable
connecting the sensor unit
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5-031 PASSIVE SEISMIC

Initial date
of _occurrence

Apollo

Item mission

4 14 Peb. 12, 1971

dar. 20, 1972

(4]

6 15 Aug., 13, 1971

7 16 Apr. 24, 1972

EXPERIMENT - Continued

status

to the central station, or
both.

Thermal control problems. The
modified thermal shroud used
on Apollo 14 provided

improved thermal control. It
vas found that if the heater
was coananded OFF for lunar
day and AUTO for lunar night,
the PSE temperature remained
within the expected range for
Apollo i1,

LPZ axis inoperative. Analysis
of the problem indicated this
failure vas either coaponent
failure or a wire connection
problem., It was concluded

that the failure was random
rather than generic.

Thermal control degradation.
Review of lunar surface
photographs showvwed that the
periphery of the thermal
shroud did not lie flat on
the lunar surface. The
incomplete deployment of the
shroud resulted in excessive
thermal leaks and loss of
tidal data. For subsequent
missions, crew traininy empha-
sized the need for the
periphery of the shroud to
be flat on the surtace.

High temperature during lunar
day. Photographs of the
deployed experiment, television
coverage of the lunar module
ascent, and coaments by the
crev indicate the following

as possible causes of the
problem: (1) some raised
portions of the shroud, (2)
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S-031 PASSIVE SEISMIC EXPERIMENT - Continued

Apollo Initial date
Item nmission of occurrence Status

dirt on the shroud riua crew
traffic subsequent to the
photography, (3) debris from
lift-otf, and (4) possible
contact of the experiment

with the lunar surface. Auny

of the above conditions could
cause degraded thermal control,
resulting in higher temperatures
during lunar day:

8 14 Apr. 14, 1973 Noisy data on long period
y-axis were noted originally on
Apr. 14, 1973, and intermit-
tently since then by the
principal investigator. Noise
i= caused by one bit not
setting. Since July 30, 1974,
the noise has appeared more
frequently and was noted
during real-time support
periods from July 30 to Aug.
2, 1974; Aug. 7, 1974; and
Aug. 9 to 16, 1974.

9 12 Dec. 28, 1973 Sporadic loss of LPZ axis data
during lunar night operation.
The anomaly was noted during
real-time support periods.

It was characterized by a
lack of data (quiescent level)
on the analog helicorder

and by no observed response
to calibration commands. The
enomaly occurred during three
successive lunar night
periods (Dec. 28, 1973, to
Jan., 2, 1974; Jan. 23 to

Feb. 2, 1974; and Ffab. 22

to Mar. 3, 1974),., All

data have been valid since
Mar. 3, 1974,

10 12 Sept. 11, 1974 Long period x- and y-axes
failed to calibrate on
command. The anomaly has been
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5-031

Apollo
Item nmission

" 12

12 12

PASSIVE SEISMIC EXPERIMENT - Continued

Initial date

of gccurrence Status

Oct.

Rov,

noted during real-time support
periods on two separate oc-
casions (Sept. 11 and Nov. 9
and 10, 1974). Long period
z-axis was calibrated on con-
mand doth times. Sensor
temperature (DL-07) was 325.82 K
{(126.81% F) when axes did not
calibrate aud 325.58 K
(126.37° F) when axes again
responied to calibration com-
mands. Sun angles during the
perinds of no response were
187.8° to 200.0° and 187.20°

to 199.6°, respectively. A
rcal-time support period at
these Sun angles was not con-
ducted in October. Calibra-
tion response has been normal
at all other times.

16, 1974 The instrument was commanded

7 1974

to operate with the feedback
filter IN. The principal
investigator requested this
operation to obtain data for
comparison with data from
filter OUT operation. The
instrument performed satisfac-
torily with the feedback filter
IN. Test vas completed on
Apr. 9, 1975, and the instru-
ment wvwas returned to the
feedback filter OUT mode.

An operational check on “ov,

7, 8, and 9, 1974, indi. ited

that the heater could not .e sat
in the auto OPF or forced OFF
modes. Preliminary analysis
indicated the cause of the
failure to be that the heater
ON/OFF relay driver circuit
failed "closed"™ allowving +29 V dc
pover to be applied at all times.
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S-031

Apollo
mission

14

12, 15,
and 16

14

12

PASSIVE SEISMIC EXPERIMENT - Continued

Initial date
of occurrence

Mar.

June

Aug.
and
Sept.

Nov.

5,

28,

31,

3,

23,

1975

1975

1975
1975

1975

3-8

Status

Engineering data from the PSE
are valid. Science data froa
the PSE can be used for a
period of approximately 9 days
wvhen the long period y-axis
moves from off scale high to
off scale low (Sun angles 55°
to 109%9) and off scale low

to off scale high (Sun angles
1859 to 2379). when Apollo 14
central station uplink capa-
bility was lost, the PSE
heater was in the forced OFF
mode for lunar daytime opera-
tion. The instrument remains
in this configuration.

FProm data received during the
test conducted with the
feedback filter IN of the
Apollo 12 PSE, the principal
investigator requested that
the three experiments be con-
figured to feedback filter IN.
The instruments performed
satisfactorily in this con-
figuration.

Although no leveling has been
accomplished on the PSE since
Mar. 1, 1975, because of the
loss of command capability,

a seismic event ou these dates
indicated that data vere
discernible on the lony period
x~ and y-axis on the recorders.

The ~hort period z-axis gain
vas set at -20 dB. This
setting eliminated some of the
noise appearing on the long
period axes due to crosstalk
interference. The operation
¥ill continue pending further
data analysis by the principal
investigator.
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$-031 PASSIVE SEISNMIC

Apollo Initial date

Iteu
17 12 Dec. 5,
5
¢ 18 14 Peb. 19,
E"
‘
f:;;
{
:
;j’g
; 19 14 Mar. 17,

s
.o
—
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missjon of occurrence

1975

1976

1976

EXPERIMENT - Concluded

Status

Noise spike appeared in seisamic
data as a result of the third
bit not setting in the PSE
electronics analog-to-digital
converter. Increasing the
central station heat eliminated
the problen.

With return of uplink, sub-
sequent attempts to command
the feedback filter IN have
shown the loop to be inopera-
tive. The instrument was
performing satisfactorily

vith the filter out. The long
period y-axis could not be
leveled during the uplink
capability period.

When loss of downlink and

uplink occurred with the Apollo
14 central station, the PSE

was ON and the heater vas in the
forced OFF mode.
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5~033 ACTIVE SEISMIC EXPERIMENT

Time history and proportion of full capability of instrument

1969 1970 1971 1972 1973 1974 1975 1976

Experiment Mission

Aclive seismic 14
16 % il i
T

1007
0%
Housekeeping data 10077

Legend:
Science data output

Apollo Initial date

Item mission of occurrepce Status
1 14 Peb. 5, 197 Thumper misfired 5 of 18 times.

The problem was attributed to
dirt on the firing switch
actuator bearing surface.

The situation vas subseguently
corrected for the Apollo 16
mission.

2 14 Mar. 26, 1971 Geophone 3 data are noisy
because of transistor failur»
in amplifier 3. Data are
recoverable to some extent
by analysis.

k) 16 May 23, 1972 Grenades 2, 4, and 3 vere fired,
Mortar package pitched down
90 as a result of launching
grenade 2. The grenade 2
range vire probably fouled
during launch, producing a
downvard force. Normal
real-time event data wvere not
received during flight of
grenade 2., Grenade 1 was not
fired at this time because of
the failure of the pitch sensor
of the mortar package after
the grenade 4 firing. Internal
temperatures of the mortar
package vary from off scale
low at night to 388.85 K
(115,79 C) during lunar day,
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S-033

Apollo

Item mission

4 16
S 14 and
6 14

Ll T ]

ACTIVE SEISMIC EXPERIMENT - Continued

Initial date

May 23,

16 Dec. 7,

Jan. 3,

of occurrence

1972

1973

1974

Status

because some thermal protection
was removed during the firing of
the grenades,

Pitch sensor off scale high
after launching of grenade 3.
Data imply there was a sensor
circuit failure. Detonation of
grenade 4 successfully accom-
plished. Grenade 1 was not
fired because of the uncertainty
of the uortar pallet position.
Launching of grenade 1 may

be attempted, as a final
experisment, should Apollo 16
ALSEP termination be considered.

Weekly 30-min passive

listening periods terminated

in accordance with Apollo 14
ALSEP, SMEAR 86 and Apollo 16
ALSEP, SMEAR 27. The instru-
ments vwill remain in STANDBY

and OFP, respectively, with
periodic high-bit-rate checks
to verify functional capability.

During the monthly operation
check c“ the experiment, the
data froa ,eophone 2 appeared
to be invalid. On Jan. 9,
1974, another operational check
vas conducted to further
investigate the problea. Two
geophone calibrations vere
conpanded. The data indicated
a response to the coamanded
pulses, but the response vas
improper. Analysis iaplies a
failure in tue asplifier channel
2 circuitry. Operational
checks since Jan. 9, 1974,

have confirmed that the status
is unchanged.
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5-033 ACTIVE SEISMIC

Apollo Initial date
mission of_occurrence

14 Mar. 5, 1975

EXPERIMENT - Concluded

Status

Because of the loss of uplink
capability with Apollo 14
central station, the ASE can
no longer be commanded and the
grenades remain unfired.
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S-034 LUNAR SURFACE MAGNETOMETER

Time history and proportion of full capability of instru sent

Experiment Mission

1969 1970 1971 1972 1973 1974 1975 1976
|

Lunar surface 12
magnetometer

15

14

T
NS 1T
2 5

L]

Tl

Legend:
Science data output

Housekeeping data

Apollo
Iten mission

1 12

2 12

100% =
0% ——
100%

Initial date
of _occyrrence Status

Dec. 22,

June 29,

1969 Y~-axis data offset. A bias
shift of approximately 75
percent occurs during lunar
day when temperatures reach
or exceed 333 K (60° C). The
deta return to normal as the
teaperature decreases to
approximately 308 K (359 ().
The failure is suspected to be
due to a resistance change in
the bias circuitry. It is
probably caused by a partially
open weld, a sensor connection,
or a flexible cable. The bias
consand has teen used for com-
pensating the data in real
time,

1970 Science and engineering data
are static and invalid. It
appears that the static
engineering data during the
lunar night, the erratic flip
calibration data, and no
current to the Y-axis flip
potor are all caused by open
¥elds in the circuitry. BRe-
inspection by three independent
teams, repairs as required,
and the improvements in thersal
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S-034 LONAR SORFACE MAGNETOMETFR - Continued

Apollo Initial date
Item npission of occurrence Status
control vere implemented to
alleviate the probleam for
subsequent aissions.

3 15 tug. 30, 1971 VY-axis sensor head failed to
flip on command. Normal
calibration could not be
provided because of the Y-axis
flip problem; a modified data
processing prograa was vwritten,
using the solar-wind spectro-
meter datz to fulfill the
calibration requirements.

4 15 Nov, 2, 1971 Y-axis sensor data loss. To
be useful, data from all three
axes are required. Data output
continues to be recorded and
archived; it is hoped that a
method to correlate ard analyze
tle data willi be deveioped at
some future date.

5 12 June 14, 1972 Suspension of flip calibration
sequences, Because of static
data output r:om the instrurent,
the principai investigator
requested that flip calibration
sequences be terminated. Flip
calibrations would be performed
again if science data indicated
the need.

6 16 July 24, 1972 Pailure of all three axes
to flip. Analysis of the data
indicated the pioblea was
due to an elevated temperature
at lunar-noon conditions.

7 16 Peb, 15, 1973 Intermittent loss of science
data. Over a period of several
months, the output of the
instrument varied froas dynansic,
valiad data to a static
condition. Attempts were made
to correct the situation by
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S-034% LUNAR SURFACE MAGNETOMETER - Continued

Initial date

———— -

16 Aug. 17, 1973
15 Dac. 10, 1973
12 June 14, 1974
15 June 14, 1974

Status

ground commani with no
positive results obtained.

Data processed by the principal
investigator since Aug. 17,
1973, indicate that the
instrument has returned to

a fully operational condition.
Retnrn of the science data
cannot be fully explained at
this time but can be partially
attributed to prolonged "cold
soak® periods during lunar
right.

Loss of all scientific and
engineering data. Attempts
were made to correct the
anomaly by ground coamand,

but all data remain incoherent
since initial date of the
occurrence. The instrument
remains in the power-on
condition while investigation
of this anomaly continues.

The instrument was permanently
commanded OFF. Tha science and
engineering data had been
static and invalid since

June 14, 1972. oOutput of the
radioisotope thermoelectric
generator had been steadily
decreasing, and reserve power
had become critical during
lunar night to the point that
a spurious functional change
could have caused the loss of
the currently functioual
instruments.

The instrument wvas permanently
commanded OFF. The science
and engineering data had been
static and invalid since

Dec. 10, 1973. oOutput of the
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S-034

Apollo
mission

12 and
15

Initial date

of occurrence

July 2,

1974

LUNAR SURFACE MAGNETOMETER - Continued

Status
radioisotope thermoelectric
generator had been

steadily decreasing, and
reserve power had becore
critical during lunar anight
to the point that a spurious
functional change could have
caused the loss of the cur-
rently functional instruments.

The Apollo 12 instrument was
coemanded ON during real-time
support on July 2, July 3, and
Aug. 5, 1974. The Apollo 15
instrument was coamanded ON
during real-time support on
July 2, 3, 5, and 29, 1974.

The instruments did not down-
link valid scientific and
engineering data but the status
bits were functioning properly
in the inhibit, flip calibra-
tion, and science and calibra-
tion modes. This indicated
that operation was not degraded
after two lunar nights in the
OFF mode of operation.

Oon Sept. 3, 1974, both instru-
ments were commanded ON but
drevw only negligible power and
did not return any valid
scientific or engineering data.

On Jan. 29, 1975, an inadver-
tent ground command to the
Apollo 15 instrument turned
it ON, resulting in a 6-W
reserve power drain and no
science or engineering data
in the telemetry downlink.
The instrument was commanded
OFF, and the reserve power
increased 6 W.
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S-034 LUNAR SURFAKCE MAGNETOMETER - Concluded

Apollo Initial date

mission of occurrence Status
on Dec. 18, 1975, an inadver- ‘ .

tent ground command to@ghe S
Apollo 15 instruaent turned ‘

it ON. Later, the instrument

was commanded OFF, and a

einpimal increase of 1 W in

reserve power was observed.

16 mar. 3, 1975 The Z-axis-sensor science data
had become intermittently
static and the temperature had
reduced to off scale low
during the lunar night. Plip
calibrations of tahe sensor
heads have been discontinued,
at the principal investigator's
raequest, during the lunar R
night operation as a result , k
of the low teamperatures of the o +
Z~-axis sensor.
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S-035 SOLAR-WIND SPECTROMETER

Time history and proportion of full capability of instrument

1969 1970 1971 1972 1973 1974 1975 1976

Experiment Mission
| S J | R 113 11 L1 | 0 T I A I B | ll]Tll/sl 1
Solar-wind 12
spectrometer '
15 ==: & =
FLUPTTTRITTE ) X)Ll

Legend:
Science data output 100% 4A———=

o —
Housekeeping data 100%

Apollo Initial date

Item nmigsion of occurrence Status

1 12 anda 15 Nov. 5,

15

15

June 30,

June 14,

1971 Intermittent modulation drop
in proton energy levels 13 and
14, This thermally induced
problem (which occurs each
lunation) is attributed to
a circuit that wvas used solely
for ground test purposes.

1972 Loss of experiment science and.
engineering data. Data analysis
indicated high-voltage arcing
was occurring in the equipment
electronics causing excessive
povwer consumption. Because the
additional power consumption
could not be tolerated by the
Rpollo 15 ALSEP system, the
instrument vas left in STANDBY
mode indefinitely. The SWS
is commanded to OPERATE SELECT
periodically to ascertain any
change in instrument status.

1974 The instrument was permanently
cormanded OFF., The science
and engineering data had been
static and invalid since
June 30, 1972. oOutput of the
radioisotope thermoelectric
generator had been steadily
decreasing, and reserve pover
had become critical during
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S-035 SOLAR-WIND SPECTROMETER - Continued

Apollo Initial date
Item amission of_ ogccurrence Status

4 15 July 3,

1974

lunar night to the point that
a spurious functional change
could have caused the loss of
the currently functional
instruments,

The instrument was commanded
ON during real-time support on
July 3, July 29, and Sept. 3,
1974. No scientific or
engineering data were received
in the ALSEP downlink. Reserve
power change was 6.00 W on

July 29, but was negligible

for the other checks,

A spurious functional command
to ON vas received by the
instrument on Jan. 25, 1975,
resulting in a 3.9-W reserve
povwer drain. The instrument
vas commanded to STANDBY (no
reserve power change) and then
to OFF, and the reserve power
increased 3.9 W.

A spurious functional command
to STANDBY POWER ON was
received by the instrument on
Sept., 15, 1975, resulting in a
4-W reserve power drain. The
decrease in reserve power wvas
attributed to the standby
heater turning on. The
instrument was commanded to
OFF and the reserve power
increased 4 w.

A spurious functional command
to ON was received by the
instrument on Jan. 31, 1976,
The experiment was commanded
to OFF by the Guam Tracking
Station; an increase or
decrease in reserve power was
not observed.
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Apollo
mission

S-035 SOLAR~WIND SPECTROMETER - Concluded

Initial date
of occurrence Status

12

Mar. 3, 1976 The instrument is being
turned to STANDBY during the
lunar night to provide more
heat in the central station
PSE electronics to avoid the
PSE analog-to-digital
convercer anomaly.
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S-036 SUPRATHERMAL ION DETECTOR

Time history and proportion of full capability of instrument

. . 1969 1970 1971 1972 1973 1974 1975 1976
Experiment Mission |
I I 1 1 | | 1T 2 IBEEEDEE LIJ 11 1 11 11
! 10 12
Suprathermal jon 12
detector 4 § 1 9
14 B 13
3 $ 3 11
15
J
Legend:
Science data output 1%9/% 1
Housekeeping data 100%4

Apollo Initial date

Item pission of occurrence Status
1 12 Nov. 20, 1969 <CCIG failure, high-voltage

arcing problems. Ground tests
verified that a transistor
failed in the high-voltage
control circuit. A slover
response transistor operated
satisfactorily in the
environment with reasonable
pargins. Appropriate
rodifications were made to
Apollo 14 SIDE/CCIG.

2 12 Sept. 9, 1972 Iatermittent failure of digital
electronics to process data.
High-voltage arcing occurs at
elevated lunar-day temperatures.
The instrument is now commanded
to OFF when the internal
temperature approaches 328 K
(55° ¢C).

3 14 Apr. 5, 1971 Loss of the positive-section
data of the analog-to-digital
converter. The cause appears
to be an interaittent connec-
tion in one of the modules
of the analog-to-digital con-
verter and does not appear to
be temperature dependent,
Anomaly precludes processing
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S-036

Apollo
Item mission

4 14
5 15
6 14
17 14

Initial date
9f__occurrence

Mar. 29,

1972

May 1, 1972

Apr. 14,

Aug, 8,

1973

1973

SUPRATHERMAL ION DETECTOR - Continued

Status

of any positive-value data
inputs to the analog-to-digital
converter.

Anomalous STANDBY operation of
SIDE. The mode chanye problenm
is attributed to arcing or
corona in the high-voltage
supply at elevated temperatures.
The experiment is now commanded
to STANDBY when the internal
temperature approaches 358 K
(85° C) to preclude spurious
mode changes.

Full instrument operation
instituted. Before Oct. 20,
1972, the Apollo 15 SIDE had
been cycled to STANDBY during
lunar day because of previous
problems with the Apollo

12 SIDE. Bas2d on data
accumulated since deployment,
it vas decided to leave the
instrument ON for the complete
lunation.

Anomalous STANDBY operation of
SIDE. Subsequent to Apr. 1973,
the instrument has yone from
OPERATE to STANDBY without
ground command at (or shortly
after) the sunrise terminator
crossing. The suspected cause
is circuit breaker action in
response to a SIDE current in
excess of that required to trip
the breaker. Data are obtained
during lunar night when the
instrument is ON. The instru-
ment is permitted to switch
itself from ON to STANDBY at
sunrise terminator without
commanding.

There was no indication of
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S-036 SUPRATHERMAL ION DETECTOR - Continued

Apollo Initial date
Item mission of_occur

——— > e e s 2 e

8 15 Sept. 13,

9 12

10 12 Nov. 26,

Sept. 3, 1974

Status
STANDBY power ON or operating
pover OFF through the console
monitor lights or the high-
speed printer data. Analysis
indicates that the fuse opened
in the STANDBY power line;
thus, STANDBY operation is

now equivalent to OFF.

Cyclic commanding required to
preclude spurious mode changes
above 358 K (85° C). Internal
high-voltage arcing caused
-3.5-kV power supply to trip
OPF. The instrument is now
cycled to STANDBY during lunar
day to preclude arcing.

A reduction of high energy
calibration and data counts
occurred. Normal calibration
and energy counts returned on
Sept. 4, 1974. A reoccurrence
of the anomaly was noted on
Nov. 11, 1974. All enaineering
and science data during lunar
night have been normal since
Nov. 13, 1974. The suspected
cause is a loss of amplifier
gain for short periods.

The instrument received a
spurious functional command to
ON during the lunar day. On
Nov. 27, 1974, the experiment
was checked; all high voltages
vere OFF and the electronics
temperature (T2) was reading
349,95 K (76.8° C). The
instrument was commanded OFF
for coolin, kelow the maxiamunm
operating temperature of
328,15 K (55° C). Normal and
valid engineering and science
data have been obtained in
subseguent operations.

3-23



5-036

SUPRATHERMAL ION DETECTOR - Concluded

of occurcence

1974

1976

Apollo Initial date
Item @mission
11 14 Nov. 29,
12 12 Janr. 18,
13 14 Feb. 19,

1976

The instrument could only be
conmanded ON briefly because
of the lunar eclipse, although
72 commands were executed.
Sporadic operation of the
instrument was obtained during
the next lunar night (Dec. 8
to 22, 1974) and none during
the Jan. 6 to 21 and Feb. S

to 20, 1975, lunar nights.
More than 1700 unsuccessful ON
comnands have been transmitted
to the instrument since the
Nov,., 29 lunar eclipse.

The instrument is being
commanded to STANDBY during
the lunar night to provide
more heat in the central
station PSE electronics to

avoid the PSE analog-to-digital-

converter anomaly.

With the return of uplink to
the Apollo 14 central station,
the experiment was commanded
OFF. .
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S-037 HEAT FLOW EXPERIMENT

Time history and prooortion of full capability of instrument

1969 1970 1971 1972 1973 1974 1975 1976
Experiment Mission T
TTIITTTTI 1T II/I‘\l Jlrllll I T T T ITTT T T TITTTT
Heat flow 15 ¥ =
% |l :i|
16 E c £ E
2 )
17 ==Y
111

Legend:
Science data output

100% - p—————

0%

Housekeeping data

Apollo
Item nmission

1 15
2 16
3 17

100% -

Initial date

July 31, 1971

Apr. 21, 1972

N/A

Status

Probe 2 was not inserted to
full depth because of problems
with the Apollo lunar surface
drill. Probe 2 still provides
useful data to estimate heat
flow in the lunar subsurface.
Drill bore stems vere rede-
signed for Apollo 16 and 17
missions.

Electrical cable was severed
during initial deployment by
creWw. Contingency repair
plan proposed vas denied
because of higher wmission

priorities. Cable strain-relief

provisions wvwere implemented
on all cables for the Apollo
17 mission.

Nominal deployment and full
experiment operation.
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S-038 CHARGED PARTICLE LUNAR ENVIRONMENT

Time history and proportion of full capability of in:trument

EXPERINMENT

Evperiment

Mission

1969 1970 1971 1972 1973
T

1974

1975

1976

]
L1
+

Charged particle
lunar environment 14

l_

(3)] | [

Legend:
Science data output

1007 ———————

Housekeeping data

Apollo
Item mission

1 14

100% 1

Initial date
of occurrence

Apr. 8,

June 6,

Mar. S,

1971

1971

1975

o —_—

Status

Loss of analyzer B data.,
Analysis indicaces that the
most probable cause of failure

vas a short in the high-voltage

filter. The instrument con-
tinues operation on analyzer
A. (Analyzer A provides
identical data.)

Analyzer A data decay and
undervoltage condition.

The problea appears to be
caused by the analyzer B
anomaly. Further analysis of
the anomaly is impossible
because the analyzers are

not separable by command.
Instrurent is operated
satisfactorily in a locked
lowv-voltage range (-35 V dc)
and is coamanded to STANDBY
vhen high voltage decays
below 2280 Vv dc. This
operational mode results

in operation for approximately
50 percent of each lunation,

when the Apollo 14 central-
station uplink capability was
lost, the experiment wvas in
STANDBY for lunar daytise
operation. The instrument
remains in this configuration,
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5-038

Apollo
pission

CHARGED PARTICLE LUNAR ENVIRONMENT

EXPERIMENT - Concluded

Initial date
of _occurrence Status

14

14

Feb. 19, 1976 When the Apollo 14 central-
station uplink capability was
regained, the experiment was
ON. Operation of the instru-
ment will be as specified in
item 2.

Mar. 17, 1976 When the Apollo 14 central-
station uplink and downlink
capability was lost, the
experiment was in STANDBY
for lunar daytime operation.
The instrument remains in this
configuration,
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5-0518

Time history and proportion of full capability ¢ instrument

COLD CATHODE ION GAGE

1969 | 1970

1971 1972 1973 1974 1975 1976

Experiment Mission

L T
- L1~ I IIIrIIIl

L1

Cold cathode 12

ion gage

14

15

Legend
Science data output

e
Houseleepng data 100

Apollo
mission

Initial date
of occurrence

iten
1 12

Nov, 20, 1969

Apr. 5, 1971

Mar. 29, 1972

Status
CCIG failure, high-voltage
arcing problems. Ground tests
verified that a transistor
failed in high-voltage
control circuit. A slover
response tra sistor operated
satisfactorily in the
enviroament with reasonable
margins. Appropriate modifi-
cations vere made to Apollo
14 SIC®/CCIG,

Lcss of the positive-sec-ion
data of the analoy-to-digital
converter. The cause appears
to be an intermittent connec-
tion in one of the modules of
the analogy-to-digital converter
and does not appear to be
temperature dependent. This
anomaly precludes processing

of any positive-value data
inputs to the analoy-to-~-digital
converter.

Aromalous STANDBY operation
of SIDE. The mode chanye
problem is attributed to
arcing or corona in the
hign-vultage supply at
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$-058 COLD CATHODE ION GAGE - Concluded

Apollo Initial date
mission of_occurrence Status

elevated temperatures. The
experiment is now commanded to
STANDBY when the internal
temperature approaches 358 K
(859 C) to preclude spurious
rode changes.

15 Feb. 22, 1973 1Interamittent science data.
Preliminary analysis indicates
that the most probable cause
is one of the 15 relays.

These reed relays perform
functions that control the
CCIG calibration currents,
the ranging and gain change
functions, and grounding the
instrument during calibration.
Currently, no plans exist for
continued investigation of
this anomaly, because the
scientific data are usable
when obtained.

14 Apr. 8, 1973 See item 6 of the status report
on the Suprathermal Ior
Detector Experiment.

14 Nov. 29, 1974 See item 11 of the status
report on the Suprathermal Ion
Detector Experiment.

15 July 18, 1975 CCIG failure; high voltage

wvas off and could not be
coamanded ON.
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s-078

LASER RANGING RETROREFLECTOR

Time history and proportion of full capability of instrument

1969

1970 1971 1972 1973 1974 1975 1976
Experiment Mission
B O B A T T T T T 11T T I T 11
Laser ranging 11 B
retroreflector 1 ¥ +—
I =SS EE=: ¥
. 15 B et :
[ .
Legend:
.. 100 b
Zcience data autpet o —_—
Housekeeping data 100 |
Apollo Initial date
Item mission of occurcence Status
1 11 and 14 N/A Performance of both 100-element
arrays (Apollo 11 and 14)
tias been nominal since their
initial deployment.
2 15 July 31, 1971 Resultant data from the 300-

element array indicate that

its performance is comparable,

but not superior, to the
100-element arrcys.
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$-202 LOUNAR EJECTA AND METEORITES EXPERIMENT

Time history and proportion of full capability of instrument

L 1969 1970 1971 1972 1973 174 1975 1976
Experimers l Mission
4 L1
Lunar ejecta l
and meteorites 17
B \
./
Legend:
Science data output 100%
0% tV—/—
Housekeeping data 10001
.. Apollo Initial date
Ites nission of occurrence Status
1 17 Dec. 17, 1972 Excessive temperature. The

experiment is experiencing a

higher temperature profile
than expected because of an
error in calculation of thermal
control and : difference in
thermal conditions at the

Apollo 17 site compared with

the design site. The instru-

ment is operated at temperatures

below 364 K (196° F).

This

operational plan results in the
wmonitoring of about 75 percent

of each lunation.
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5-203 LUNAR SEISMIC PROFILING EXPERIMENT

Time history and proportion of full capability of instrument

1969 1970 1971 1972 1973 1974 1975 1976
Experiment Mission
| R 1 z 1 L1 11 1 1 1.1 1
Lunar seismic
profiling 17 EE==E
I11
Legend:
Science data output 100%-1

0%
Housekeeping data 100% ]

|

Apollo Initial Jate

Item mission of occurrence Status
1 17 N/A Initial scientific objective

was accomplished with detonation
of eight explosive packages.
The instrument is currently
companded ON weekly for a 30-
min passive listening period.
(Note: Operation of the LSPE
precludes data from the other
four experiments, because of
high-bit-rate formatting;
therefore, LSPE operation is
time limited.)

2 17 July 13, 1973 To pursue a study of meteoroid
impacts and thermal moonquakes,
passive listening periods have
been scheduled to acguire a
"listening mode"™ data record
covering one full lunation.

The first extended listening
period began on July 13, 1973,
and wvas terminated on July 17,
1973 (Sun angles of 100.4° to
147.89). Subsequent listening
periods have been completed on
Mar. 3 to 7, 1974 (Sun angles
of 59.59 to 102.29), Aug., 12

to 16, 1974 (Sun angles of 233.7°
to 285.69), Sept. 6 to 10, 1974
(Sun angles of 181.4° to
235.19), Oct. 22 to 25, 1974
(Sun angles of 22.59 to 60.29),
Nov. 1 to 5, 1974 (Suh angles
of 1459 to 193.99), Dec. 12 to
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5-203

Iten

Apollo Initial date
missjon @f_occurrence

LUNAR SEISMIC PROFILING EXPERIMENT - Concluded

Status

16, 1974 (Sun angles of 283.7° ,
to 333.0°), and Apr. 13 to 18, :
1975 [Sun angles of 327.69 to

28.7°), which completed one

360° lunation. Three

additional periods, sunrise

(Sun angles of 327.6° to 28.79),

and sunset terminators (Sun

angles of 126.6° to 1:3.39),

and eclipse (May 25), vere

obtained at special request.
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S-205 LUNAR ATMOSPHERIC COMPOSITION EXPERIMENT

Time history and proportion of full capability of instrument

1969 1970 1971 1972 1973 1974 1975 1976
Experiment Mission [

1
I = ENEERE 11111

Lunar atmospheric 17
composition

‘ 2 5)(s )8 10
Legend:
Science data output 183'/"
Housekeeping data 106’% T
Apollo Initial date
Item mission of_occurrence Status
1 17 Dec. 17, 1972 Excessive temperature with

cover on. Both an error in
thermal design and temperature-
sensitive components limit

the experiment operation to
temperatures below 325 K

(125° F) . This situation
precluded instrument operation
during elevated lunar-day
temperatures.

2 17 Dec. 18, 1972 Zero offset in data output of
mass channels; cause of this
background offset remains
undetermined. The data
are usable with additional
processing during data
reduction.

3 17 Sept. 18, 1973 Loss of intermediate-mass-..nyge
output caused loss of approxi-
mately 12 percent of the
experiment data. Subsequent
multiple failures of the
instrument precluded further
analysis of the problen.

4 17 Sept. 23, 1973 Pilament 1 failure. The fila-
ment accumulated approximately
3000 hr of operation before
failure, This was well within
the predicted range for oper-
ating life. The instrument
vas reconfigured to the re-
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S-205 LOUNAR ATMOSPHERIC COMPOSITION EXPERIMENT - Continued

Apollo

5 17
6 17
7 17

Initial date
Item pissjon Qf occurrence

Oct.

Jan.

Mar.

17,

18,

20,

1973

1974

1974

Status

dundant filament and ccntinued
to operate until the loss of
all science data occurred on
oct. 17, 1973,

Loss of science data. Pre-
liminary results of trouble-
shooting and analysis indicate
that the multiplier high-
voltage power supply apparently
failed. The instrument is
currently being cycled from

ON to OFF to maintain the
electronics temperature below
the previously established

325 K (125° F) limit, while
future troubleshooting or
termination of instrument
operation is considered.

An operational status check

of the LACE was performed,
Bxperiment telemetry data did
indicate some change during
the 30 min that the multiplier
high-voltage power supply was
operated, but no significant
improvement was noted after
initial occurrence of the
anomaly on Oct. 17, 1973,
Instrument filament 2 vwas not
companded ON. The instrument
vas returned to its previous
configuration. Periodic checks
will be made to determine
whether any change in perfora-
ance has occurrad.

A sequence of operational com-
mands was eoxecuted by the
experiment during real-time
support. Telemetry 3Iata
indicated that the LACE ac-
complished one complete
scientific data sveep before
encountering a breakdown of
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S-205 LUNAR ATMOSPHERIC COMPOSITION EXPERIMENT - Continued

10

Apollo Initial date
missiong Qf occurrepce
17 May 20, 1974
17 Aug. 30, 1974
17 Nov. 18, 1974

Status

the high-voltage pover supply.
(The multiplier high voltage
and filament 2 were operaced
for a 35-min period.) Cycling
of the LACE from ON to OFF will
be continued to maintain the
electronics temperature below
the previously establishad

325 K (125° F) 1linmit.

The instrument was operated
for a 6-min period to assess
its performance. The high-
voltage powver supply exhibited
the same status as during the
previous check on March 20,
1974,

In an attempt to correct the
multiplier high-voltage power
supply problem, the instrument
vas commanded to STANDBY with
the survival heater ON to
increase electronics tempera-
ture and outgassing during the
lunar day. On Sept., 5, the
LACE was commanded ON to
assess its performance. The
high-voltage powver supply
status was unchanged from that
noted on Mar. 20, 1974. Sub-
sequent "bake-out" operations
were accomplished on Sept.

24 and Oct. 23, 1974, with
performance checks on Sept.
20, oct, 14, and Nov. 4 and 13,
1974. No change was noted in
the high=-vecltage povwer supply.

With the electronics tempera-
ture (AM=41) at 254.09 K

(=2.3° P), the instrument was
commanded OFF at 11:58 G.m.*%.,
Nov. 18, 1974, (Sun apgle oL
350°) and allowed tc "cold

soak®" for 3 hr 23 ain. At 15:21
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$-205 LUNAR ATMOSPHERIC COMPOSITION EXPERIMENT - Continued

Apollo Initial date .
Item mission of occurpence Status

Gem.t., with the electronics
temperature at 237.93 K

(-31.3° F), the instrument was
commanded ON for an operational
check. The high-voltage pover
supply exhibited essentially
the same status as noted on
Mar. 20, 1974,

11 17 Jan. 13, 1975 Six additional "cold soaks,"
two normal night operations,
and two normal day operations
have been conducted. A
significant improvement was
observed Jan. 13, 1975, The
instrument was initially
checked with the electron
multipliers in LOW, discrimi-
nator level LOW, higyh-voltage
power supply ON, filament 2
ON, and in the automatic sweep.
The engineering and science
data chserved gave normal
indications the same as the
data received before the Oct.
17, 1973, power supply failure.
All sweep voltages vere at
normal values with the electron
multipliers in LOW. With the
electron multipliers in 'IGH,
the failure in the high-
voltage pover supply was
indicated again; and, upon the
return of the electron multi-
pliers to LOW, the voltages
returned to zero as noted on
Mar. 20, 1974, Subsegquent
checks have indicated no
improvement in the high-
voltage operation.

12 17 Aug. 28, 1975 During a "cold soak" opera-
tional check the sweep voltage
was at full cscale. Further
checks on Ahug. 29, 30, and 31,
and Sept. 2, 1975, have
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$-205 LUNAR ATMOSPHERIC COMPOSITION EXPERIMENT - Concluded

Apollo Initial date
Item mission of occurrence Status

shown the same full-scale
oparation,

Sept. 29, 1975 Operational checks performed
on Sept. 29 and 30, and Oct.
3, 1975, resulted in the sweep
voltage functioning normally.
The tests had been conducted
following a period 't operation
with the "bake out®™ eater ON.

Feb. 26, 1976 The operational check perforsed
on this date shoved the sweep
voltage to be at full scale,
There was no special prepara-
tion of the instrument before
the check.
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S-207 LUNAR SURFACE GRAVIMETER

Time history an< proportion of full capability of instrument

i L 1969 1470 1971 1972 1973 1974 1975 1976 |
Experiment Mission \ —
o 1
Lunar surface 2 (‘ 3
gravimeter 17 =t == === ==
PLTTTT L1 NEBIRIY 3 B

Legend:

Science data output 100 -
0%,
Housekeeping data 100" /

Apollo Initial date

Item nmission of occurrence Status
1 17 Dec, 12, 1972 Sensor beaw could not bhe

stabilized in the null position
because 1/6-g mass weights were
too light. Weights were 1light
because of an error in calcu-
lations converting from 1-g to
1/6-9 requirements. Several
reconfigurations of the
instrument have been made
during the past year. The beaa
has been centered by applying a
load on the beam throuyh the
wass support springs by

partial caging of the mass
weight assembly. Signals

being received are being pro-
cessed and analyzed for seiswic,
free mode, and gravity wave
information,

2 17 gar. 15, 1974 The heater box heater circuit
tailed full ON during the 16th
lunar night. This anomaly
caused the sensor temperature
(DG~04) to increase above a
stabilized temperature of
322.337 K (49.207° C) and
eventually drift off scale
high. Transducer range is
approximately 321.33 to
325,13 K (48.2°9 to 52.0° C).
Useful science data could not
be obtained froms the instrument
unless the sensor assernbly
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$-207 LUNAR SURFACE GRAVIMETER - Concluded

Apollo Initial date
Item missjon of occurrence Status

temperature was maintained
rigorously at 322.3 K
(49.2° C). (The anosaly
reoccurred on July 7, 1975,
and on Sept. 19, 1975.)

3 17 Apr. 20, 1974 The LSG regained thermal sta-
bility. The experiment
sensor teaperature has remained
stabilized at 322.4 K
(49.2°9 C) since Apr. 20, 1974,
On Sept. 2, 1975, the thermal
stabjility returned, and the
temperature stabilized at
324.65 K (51.52 C). Since
Sept. 19, 1975, atteapts to
regain control have bLeen
unsuccessful.

4 17 Jan. 7, 1975 The sensor beaa was reposi-
tioned to near center (0.0030
V dc) ‘n the "seismic gain low"
mode y using the north/south
and east/west tilt servoamotors.

5 17 July 30, 1975 An interaittent operation of
the analog-to-digital conver-
ter occurred duriny the periods
wvhen the temperature was off
scale high. The analog=-t.-
digital convexter operated
norsally wvhen the tesperature
vas reduced, and it operated
normally vhen thermal stabili-
zation was regained. Norsal
operation is accomplished
by manually coamanding the
heater ON/OFF to maintain
the temperature vithin the
transducer range (321.35 to
325.15 K (48.29 to 52.0° C))
as closely as possible.
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M~-515 DUST DETECTOR EXPERIMENT
Time history and proportion of full capability of instrument
1969 1970 1971 1972 1973 1974 1975 1976
Experiment Missior,
T 11T 11 J 11 1 LI It T TTTTT
! | | 1 ]
Dust detector 11 E = =
12
)
14
Iaininannaa
15 = =
1 IRRSRENAREAN H

Leqend:

Science data output 100°

woe T

Housekeeping data

The dust detector experiment functions as a basic

engineering measurement to characterize the long-term 1lu. 4r
surface environmental effects (e.y., A:2gradation due to

solar radiation effects) on solar cells and dust accretion
The performance of the

on the ALSEP central stations.
equipment has been nominal sirce initial deployment.
data continue to be processed for long-term analysis.

Apollo Initial date
Item nmission of occurrence

1 14 Mar. 17, 1976

Wwith the loss of downlink and

ste.

28

The

uplink of the Apollo 14 central

station, the experiment status

at LOS was ON.,




CENTRAL STATION ELECTRONICS

Time history and nroportion of full capability of instrument

. 1969 1970 1971 1972 1973 1974 1975 1976
Experiment Mission
A TT T IT T T INNEEASEEEREN 12 It 11 )i I I Il T1
Centrai station 11
1 2 4
12
10
14 ’ =
) U
15 ==
16 === N =3
i S =3
17 =E=SSS==S=sS=c== : S5 Eﬁ
[ | HIT ol
Note All central station data are considered housekeepn,, rather than science data,
Legend-
Science da 1 output 100 B =
0" ———
Hotsekeeping data 10¢" ‘f’—

Apollo
Item mission

1 "

Initial date
of occurrence Status

Aug, 25, 1969 Command loss capability. The
inability to conmand the ALSEP
central station vas attributed

to a component failure in the

caentral station coamand decoder.
The failure mode was considered

unique to Apo.lo 11 ALSEP
because subsequent ALSEP
units maintained a benian
thermal environment by coa-
parison, The command system
had already exceeded the
pission requirements.

Dac. 14, 1969 Loss of downlink. The Apollo

11 ALSEP appareantly responded
to a transmitter OFF command
or incurred an additiona.
failure. 1In either case, the
systes had exceaded its
initial mission requireaent.
NASA subsequently directed
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CENTRAL STATION ELECTRONICS - Continued

Initial date

Apollo
Item mission
3 16
_ 4 12
5 17
6 17

Aug 16,

Oct,

Matr. 26, 1973

May 3, 1974

1974

14, 1974

Status

*hat no further attempts be
made to command the system ON;
thus, the frequency could be
used for future ALSEP systens.

Transmitter B and processor Y
were selected by ground com-
mand. The Ascension ground
station Fad been experiencing
poor data quality; hovever,
DECOM LOCK -ould be maintained
with transeitter A. Data
guality improved and a gain in
signal strength of 1 dBnm

vas noted wvhen transaitter B
vas selected. Analysis did
noc identify a specific cause,
and transpitter A can still

be used if necessary.

Loss of downlink signal
modulation. Apparent failure
of data processor Y. Operatijon
of data processor X,
transmitter A, and transmitter
B appears normal. Central
station currently functioning
normally with transmitter B
and data processor X selected.
Investigation of processor Y
anomaly in progress.

Intermittent command capability.
Frequent atteapts to execute
certain coumands (octals 070,
170, and 174) were unsuccess-
ful using uplink aA. Uplink B
was selected on Aug. 19.
Subsequent to selection of
uplink B, system response to
commands has been nominal.
Investigation of the vplink A
anomaly is in progress.

Intermittent DECOM LOCK.
While operating with transmit-
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CENTRAL STATION ELECTBRONICS - Continued

Apollo
mission

17

14

Initial date

of occurrence

Dec.

Mar.
Mar.

6,

1,
17,

1974

1975
1976

Status

ter A and a received signal
strength of -146 dBm, the
Bermuda tracking station noted
poor quality telemetry data
and incurred difficulty in
maintaining DECOM LOCK.
Transmitter A was coamanded
OPP at 14:21 G.m.t. ari
transmitter B commanded ON at
14:22 G.m.t. A gain of 2 dBm
was noted in telemetry signal
strength, Subsequent opera-
tions with transmitter b have
b2en nominal.

Intersittent CECOM LOCK. On
Dec. 6, 1974, while operating
with transmitter B and a
received signal strength of
-146.0 to -148.5 dBm, the
Ascension and Canary Islands
tracking stations reported
sporadic data dropouts and
poor quality telemetry data.
Transaitter B was commanded
OFF at 15:31 G.m.t. and
transmitter A commanded ON at
15:32 G.ma.t., Dec. 9, 1974,

A gain of 2 dBm was noted in
telemetry signal strength by
the Hawaii trackiny statioa.
Subsequent operations have
been satisfactory with trans-
mitter A,

Loss of downlink occurred at
00:08 G.m.t., Mar. 1, 1975.
Playback of data before loss
of signal showed normal

values for all housekeeping
parameters. Commands trans-
mitted to the station to turzn
the transmitters ON vere
unsuccessful. LOS occurred at
01:46 G.m.t,, Mar. 17, 1976.
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CENTRAL STATION ELECTRONICS =~ Concluded

Apollo
Item mission
9 14
10 1
1 14
12 12 to 17

Initial date
of occurrence

Mar.
Mar.

Jan.

Feb.

5,
17'

N/A

1975

1976

1976

1976

Acquisition of signal returned
at 03:06 G.m.t., Mar. 5, 1976.
Real-time engineering data
showed that the central
station was operating vith
transaitter A, power control
unit 2 (PCU 2), and processor Y.
However, both receiver
parameters were LO¥. Sub-
seqguent attempts to uplink
commands have been unsuccess-
ful, Loss of uplink occurred
at 01:46 G.m.t., Mar. 17, 1976.

Loss of downlink occurred at
19:29 G.m.t. Playback of
data prior to the loss of
signal again showved normal
values for all housekeeping
paraseters. Coamands trans-
mitted to the station to turn
the transmitters Ou vere
unsuaccessful.

Acquisition of signal returned
at 02:32 G.m.t. Real-time
engineering data showed the
central station was opesating
with transmitter A, PCU 2,
processo>r Y, and receiver
crystal B. Subsequent

commanr.s have been successfully
uplinkead.

Performance of tae Apollo 12,
15, 16, and 17 central
stations has been essentially
nominal since deplc ment.
Although the originil design
requirement for ALSEP was a
1-yr life, much longer useful
lifetimes are being realized.



PART B: LUNAR ORBITAL EXPERIMENTS

Lunar orbital experiments were performed during three
of the six lunar landing missions frow July 26, 1971 (Apollo
15 mission), to December 12, 1972 (Apollo 17 mission).
Experiment information and results are detailed in the
folloving pages. Notes concerning the tabular data are as
follows:

1. On some occasions, data were collected both during
lunar orbits (revs) and during transearth coast (TEC).

2. Apolle 14 lift-off occurred on Jan. 31, 1971, at
16:03:02 e.s.t.

3. Apollo 15 lift-off occurred on July 26, 1971, at
09:34:00 e.d.t.

4. Apollo 16 1lift-off occurred on Apr. 16, 1972, at
12:54:90 e.s. t.

S. Apollo 17 lift-off occurred on Dec. 7, 1972, at
00:33:00 e.s.t.
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PART A: LUNAR SURFACE EXPERIMENTS

The lunar surface experiments consist of two types:
(1) The Apollo lunar surface experiments package (ALSEP)
systeans, which were left on the lunar surface by the
astronauts and vhich continue sending telemetry data, anld
(2) those experiments conducted on the lunar surface by the
astronaut and returned to EBarth in the coamand ggQdule. The
ALSEP deployment configuration for each mission is shown in
appendix B; the dates and lunar coordinates are given in the
follovwing listing. The ALSEP-related experiments are listed
on the following page by Apollo mission and experiment
nuaber.

APOLLO 12: The Apollo ' ALSEP was deployed on
November 19, 1969, at latitude 3911* S, longitude 23923' ¥
in Oceanus Procellarus.

APOLLO 13: Because of sorvir:e module problems, a lunar
landing was not accomplished during the Apollo 13 mission.

APOLLO 14: The Apollo 14 ALSEP was deployed on
February S5, 1971, at latitude 3040' S, longitude 17927* W in
the Fra Mauro Formation.

APOLLO 15: The Apollo 15 ALSEP wvas deployed July 31,
1971, at latitude 26°06' N, longitude 3°39' B in the Hadley-
Ap.nnine region.

APOLLO 16: The Apollo 16 ALSEP was deployed April 21,
1972, at latitude 89°59'3u" S, longitude 15930°'47% B in the
Descartes Highlands.

APOLLO 17: The Apollo 17 ALSEP was deployed on

December 12, 1972, at latitude 20°09'55" N, longitude
30045'57" E in the Taurus-Littrow region.
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PASSIVE SFISMIC EXPYRIMENT (NASA EXPFRIMFENT S-031)

NSSDC IDENTIFICATION NUMB®RS:

APOLLO 11
APOLLO 12
APOLLO 14
APOLLO 15
APOLLO 16

69-059C-03
69-099C-03
71-008C-04
71-063C-01
72-031C-01
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4. DPASSIVE SEISMIC EXPERIMENT /

Seismic stations were installed on the lunar surface
du~ing Apollo missions 11, 12, 14, 15, and 16. The
locations and installation dates are listed in table u4-1I.
Station 11 op~rated only 2¢ Earth days before *he loss of
the command uplink terminated its operation. The four
remedining stations constitute the Apollo seismic network.
This network spans *the nea. side of the Moon in an
approximate ejquilateral triangle with 1100-km spacirg
betwee: stations. (Stations 12 and 14 are 181 km apart at
one corner of *he triangie as shown in figuie U4-1.)

This reov  con*ains information necessary to use the
lunar s~.smi _a*a file at the National Space Science Data
Center SSDL) . The instruaments, the historical ! ackg.ound,
and the .ata formats are described; no attempt is made to
describe the da*a results.

EXPERIMENT AND INSTRUMENT CHARACTERISTICS

A z=2ismome*er consists of a mass ‘“at is tree to mova

L ¢ direction and is suspernded Sy reans of springs and/or

iy from a framework. The suspenced mass is supplied
"*th daroing to suppress vibrations at the natural period of

1@ system. The framewcrk re~sts on and moves with the
sarface., The suspended mass tends to remain fixed in space;
and the resul*ing relative motion between the rass and the
framewirk can b2 recorded and used to calculate the original
ground motion.

Each Apollo seismic station consists of two main
Subsystems: *he sensor unit and the electronics module.
The sensor unit, shown schemat.cally in fig".es 4-2 and u4-3,
contains four seismometers. Three long-period {LP)
seismometars form a triaxial set; one of these is sensitive
to vertical /2) motion and two are sensitive to horizontal
(X, Y) motion, with sensitivity to ground m>tion sharply
peaked at 0.45 Hz (peaked-response mode). The fourth, a
short-period (SP) seismometer, is sensitive to vertical
motion with peak sensitivity at 8 Hz. These instruments can
detec: vibratiors of the lunar suriice as small as 0.75 nm
(".5 A) at maximum sensitivity. The sensor unit is
constructed principally of beryllium and weighs 11.5 ky,
including the clectronics module and thermal insulatior.
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Without insulation, “he sensor unit is 2 cm in diameter and
29 cm high. The total power drain varies between 4.3 and
7.4 W. Instrument temperature control is provided by a 6-W
heater, a proportional controller, and (except for station
11) an aluminized Mylar insulation. The insulating shroud
is spread over the local surface to reduce temperature
variations 1n the surface material.

The seismic response curves are shown in figure 4-4,
The LP seismometers have a useful frequency range from 0.004
to 2 Hz. The SP seismometers cover a band from .95 to 29
Hz. Two modes of opsration, flat and peaked response, are
possible for the LP seismureters. In the flat response
mode, the LP seismomcters have natural periods of 15 sec.
In the peaked response mode, the seismometers act like
underdamped pendnlums with natural periods of 2.2 sec.
Maximum sensitivity Is increased by a factor of 5.6 in the
peaked response mode, but sensitivity to low frequency
signals is reduced. Calibration of each sensor is
accomplished by appl~ing a step of currert to each coil by
command from Earth. A+t *idal frequenciss, gravitational
acceleration is measured by monitoring the teedback cur-ent
used to cenzer the seismometer mass. The tidal sensitivaty
of the insiruments is 8 X 10-8 m/sec? (8 X 10-3 mgal) per
digital unit.

The LP horizontal seismometers (LPX and LPY) are very
sensitive to tilts and must be leveled to high accuracy.
This is accomplished by means of a two-axis, motor-driven
gimbal. 2 third motor adjusts the LP vertical seismometer
(LPZ). Motor operation is controlled by command.

A caging system was provided to secure all critical
elements of the instrument against damage during transport
ard deploymert phases. A pneumatic sys*em was used in which
pressurized bellows expanded and rlamred fragile parts in
place. Unca_ing was accomplished by piercing the connecting
lines. The seismometer systems are controlled from Earth by
a set of 15 commands that govern functions such as leveling,
instrument gain (adjustable in 10 dB steps), and
calibration.

Time codes recorded on passive ssismic exveriment (PSE)
data tapes are normally those generated trom time codes on
rangs tapes, and they are believed to be accurate within a
few tens of milliseconds of G.m.t. when signal is received
a*t &4 range station. However, when it is difficult *o
extract time information from range tapes, time codes
generated from an "ip+ernal clock" (a clock internal to a
computer at the NASA Lyndon B. Johnson Space Center (JSC))
is substituted. Because this internal clock is not
synchronized with tape speed during range tape playback, the

b-4
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time codes thus generated are only as accurate as the
accuracy of the speed of the tape transport. The time codes
thus generated may drift as much as several tens of seconds
from true G.m.t. if allowed to continue for several hours.
Users of thz PSE tapes should be aware of possible time code
errors in situations where relative time between stations is
important. See the section entitled "PSE Tape
Irregularities" for further discussion 0if errcrs occurring
on PSE tapes.

More detailed discussions of instrumentation are given
in the bibliography.

OPERATIONAL HISTORY

0f the 16 separate seismometers, all but 2 vere
operating propsrly a* the time of this writing. The SP
component at sta‘ion 12 has failed to operate since imnitial
activation, and one of the LP seismometers at station 14
(the vertical component) became unstable after 1 yr.

Unless otherwise indicated in the operational history
listing, table 4-II, the instruments have operated at
maximum sensitivity with the LP seismometers in the peaked
response mode. This configuration is designated the
"standard mode" in table 4-II. The various operating modes
are described in the section entitled "Experiment and
Instrument Characteristics."™ Although not noted in table
4-II, all seismométers at a given station were operated at
reduced gain while the astronauts remained on the lunar
surface.

In addition to signals from natural sources, such as
moonquakes and meteoroid impacts, signals were recorded from
nine manmade impacts. These were provided by two types of
space vehicles: the lunar module (LM) ascent stage and the
third, or Saturn IVB (SIVB), stage of the Saturn booster.
The lunar modules were guided to impact following the return
of the crew to the command service module in iunar orbit.
The SIVB stages, after separation from tne Apollo
spacecraft, were direc*ed by remote control from Earth to
planned impact points. Seismic signals from there impacts
were recorded at ranges of from 67 to 1750 km. Data
pertirent to the impacts are given in the section entitled
"Data Set Descripticns.™

Seismic disturbances are observed on the LP
seismometers of each station throughout the daytime period

of each lunar day. These disturbances are 1 .t intense near
times of sunrise and sunset; they are believe. to be due to

4-5
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+hermal contraction and expansion either of the Mylar shroud
+hat covers the seismometers or of the cable connecting the
seismometers to the central station (or both).

DATA SET DESCRIPTICNS

Compressed Scale Playouts {(Data Set 1)

The compressed scale playouts yield a complete time
hist:rv of the lunar seismic data. Data from each station
are read from PSE data tapes supplied by JSC and plotted
synchronously in compressed forr. To enhkance the signal-to-
nois= ratio for higher frequency; events, a difference method
is used in the reduction of .the data. The absolute value of
+he difference betwesn consecutive data points is summed
over 40 points for LP data (32C points for SP data), and
this value is plotted yielding one value for each 6 sec of
data. Consecutive points are plotted with opposite polarity
+o yield a line with the appearance of a seismogram. A
horizontal scale of 7.87 min/cm (20 min/in.) and vertical
scales of 157 digital units per centimeter (400 digital
units per inch) (LP, and 1260 digital units per centimeter
(3200 digital units per inch) (SP) are used. Components at
each station are arranged LPX, LPY, LPZ, and SPZ with LPX at
the top and SPZ at the bottom. Time ticks are displayed
every 1C min and each hour (G.m.t.) is labeled. The year
and day are displayed every 6 hr. A sample of the
compressed data playouts is shown in figure 4-5.

Event Tapes (Data Set 2)

Seismic events (see data set 6) detected on the LP
¢ mponents by routine manual search of the compressed scale
playouts (data set 1) are copied from the original PSE tapes
onto event tapes containing only time periods when seismic
events are observed. Each event tape contains data from one
station only; the same time periods are copied in
chronological order onto separate tapes for each station.
Thus, intervals that contain no detectable signal at one
station may be on event tapes because an event was detected
at another station. Separate sets of event tapes are
available containing only (1) the largest natural impact
signals, (2) selected deep moonquake signals, and (3) all
high frequency teleseismic (HFT) signals. See data set 4.

Event tapes are numbered serially and are in
chronoleogical order. All tapes are labeled with the event
tape number, station number, tape number, and total time
interval covered by the tape. Listings of the time
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intervals covered on each tape are supplied with the tarpes
and can also be found using the next data set (data set 3).
The format with which event tapes are read is described in
the section entitled "Tape Formats and Irregularities."

Event Compressed Scale Playouts (Data Set 3)

Each event tape (data sets 2 and 4) has been plotted in
compressed scale to provide a visual display of the contents
of each event tape. These playouts have the same format as
data set 1 with the exceptions that time is not continuous
and an amplitude scale twice that of data set 1 is used.

Special Event Tapes (Data Set W#)

Currently, four sets of special event tapes are
available. These events will be of special interest to many
users, and most users' interests will b2 satisfied by these
tapes alone. All tapes are identical in format to those in
data set 2. Fvent compressed playouts, =2xpanded playouts,
and listings of the events in this set are available as
subgroups of data sets 3, 5, and 6, respectively. The
special event groups now available are as follows:

1. Artificial impacts: Impacts of manmade origin
were recorded by the Apollo passive seismometers. Table
4L-TII shows data pertinent to each of the impacts. The
location of each impact is shown in figure 4-1. The brief
station history in table 4-II gives information concerning
the status of each station at times of impacts. Tnere are
five tapes in *this group; two tapes for station 12 and one
tape each for stations 14, 15, and 16,

2. Large meteoroid impacts: Meteoroids hitting the
Moon are recorded by the PSE network at a rate of
approximately 250 per year (type C events). Meteoroil
impacts with compressed scale amplitudes of 10 mm or larger
on at least two stations are included on the special event
tapes. There are about "0 events in this category per year
(approximately *wo tapes per station per year).

3. Selec*ed moonquakes: Moongquakes with matching
signal characteristics (type A events) are observed.
Approximately 60 different matching types have been observed
to date. The bast of *hese events observed on the most
stations are included in this data set. There are seven
tapes in this group; two tapes each from stations 12, 14,
and 15 and one tar: from station 16.
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4. High frequency teleseismic events: Distant
events, believed to be moonquakes, observed with large
amplitudes on the SP components of the PSE are called high
frequency teleseismic (HFT) events, These events occur at a
rate of approximately five per year (one tape per station).

Expanded Playouts (Data Set 5!

Expanded-time-scale (1 min = 10 cm) playouts are
availabhle for the following sets of events:

1. All artificial impacts
2. The larges* natural impacts
3. Selected d=ep moonquakes

4, All HFT events
Other relevant facts are as follows:

1. In almost all cases, the data represented by the
expanded-time-scale playouts are taken directly from the PSE
tapes and are not processed in any way (e.g., no filtering,
smoothing, signal averaging, etc.).

2. Notations on the seismograms (such as phase picks
(¢.9., P, S) and event classification (e.g., A, L, C, M),
etc.) are rot primary data but interpretatioas of the data
and should be recognized and used as such.

3. Time marks are not corrected for possible clock
errors.

A sample of the expanded-scale playouts is shown in figure
L-6.

Event Catalog (Data Set 6)

The event catalog has been compiled from the log of LP
events observed on the compressed-scale playouts (data set
1) . Only events of apparent or probable seismic origin are
included. VNoise =vents such as tilts and thermal noise are
not included, nor are events observed exclusively on the SP
components. The card deck (or tape in card-image format)
contains the same set of events as included on tha event
tapes (data sets 2 ard U4), except for events with amplitudes
l2ss than 10 observed at station 16. The cards are arranged
in chronological order and are divided into vclumes. A new
volume starts at the onset of data from each station, and

4-8
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new volumes will be added periodically. Special listings

are available for all events in data set 5. The card format

is as follows:

Column Format Data
. 3, 4 I2 Year

6, 7, 8 I3 Julian Day

1C to 13 212 Start hour-minute

15 to 18 212 Stop hour-minute (9999
for overlaps)

20 to 23 Fu Amplitude at station 12
Z-axis

24 to 27 Fu Amplitude at station 14
Y-axis

28 to 31 Fu Amplitude at station 15
Y-axis

32 to 35 ru Amplitude at station 16
Y-axis

37 to 4° 411 Playout log = 1, if ex-

panded-scale playout is
aviilable at -

Station 12 (col. 37)
Station 14 (col. 38)
Station 15 (col. 39)
Station 16 (col. 49)

42 to 45 - 411 Quality factor! as ifollows

Blank - normal quality
1 - no data

2 - type 6 time error
(See section entitled
"PSE Tape Irregulari-
ties.")

- noisy

4 - mwasked

w

For station -
12 (col. 42)

lPriority given to smallest number.

{ 4-9
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14 (col. u3)
15 (col. 44)
16 (col. u45)

77 A1 Event type:?

- classified moonquake
- suspected moongquake
- suspected impact
mostly SP

- special type

- LM impact

- SIVB impact

MEXNO=X >
]

79, 80 I2 Moonquake class2 (only
used in conjunction
with type "A"™ events)

The PSE Tapes (Data Set 7)

Fassive seismic tapes covering continuous operation of
the lunar passive seismic system for a period of 1 month
(July 7 to Aug. 13, 1973) are archived. These tapes are
labeled ir sequential order from the day of deployment of
the instrument and are also labeled with the Julian day and
universal start and stop times. The station number and the
date of tape generation also appear on the tapes.

TAPE FORMATS AND IRREGULARITIES

Formats

Data sets 2 (event tapes), 4 (artificial impact tapes),
and 7 (PSE tapes, 1 month of data) formats are described
nere, All tapes are 7 *rack, 1.27 cm (0.5 in.), binary, 809
bpi, odd parity, with standard IBM end of file on 731.52-n
(2400~£t) reels.

Data are transmitted from the Moon in 64-word frames, 1
frame every 0.60375 sec. The Apollo lunar surface
experiments package (ALSEP) words are assigned to meet the
requirements of the scientifi< instruments in the ALSEP.

B e ]
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Those ALSEP words assigned to the PSE are given in table
4-IV. EFEach *LS®P word is 10 bits, or a range from 0 to 1023
digital units. Sensor equilibrium data values are near 500
digital units. Missing ALSEP werds in the SP data (2, 46,
etc,) should be replaced to obtain equal spacing of data
points.,

Each framz of data is recouded on tape in a logical ‘
record consisting of eighteen 36-bit words for format A and
nine 36-bit words for format B, The first three of these
words contain *iming, synchronization, and error information
as described in the follcwiny paragraphs. The remaining
words containing the data are described in tables 4-V(a) and
4-v(b).

Word 1 contains time at the start of the frame in
milliseconds from the beginning of the year starting in bit
1 and ending in bit 35 right-justitfied in binary. The time
on January 01 at 00 hr 00 min 00 sec is reset to 8.64 X 107
msec so that the year starts on day 1 rather than day 0.

Word 2 contains a range station identification code in
bits 0 to 3, a bit error rate in bits 4 to 9, and, starting
on day 183 of 1973, a time source indicator in bit 35 (last
bit); if this bit is set, then computer clock time rather
+han G.m.t. was used for updating the time code. ZzZrrors of
several tens of seconds in time codes have been noted when
the computer clock is used.

Word 3 contains synchronization codes and a frame
counter, This word should cor*ain the following in bits 0
to 9, 12 to 21, and 24 to 25:

Bit: (123456789 12 13 14 15 16 17 18 19 20 21 2

-

4
Value: 11100010M o 0 ¢ 20 1 1 1 0 1 1 0

If this is not the case, then sync has been lost with the
data, and errors may be present. Bits 26 to 32 contain a
frame counter that steps orce per frame and resets to 0
after 89 frames. A break in the sequence may indicate
+iming errors.

The ALSEP words arrange¢ as shown in table 4-V are
packed in the 36-bit words as follows:

Bit O 9 12 <1 24 33

ALSEP word A |O|C | ALSEP word B | 0JO | ALSEP word C}| 92(9




Note that in format B (table 4-V(b)) the data are compressed
by a factor of 2 Lecause all SP ALSEP words are missing.
This was done as a cost-saving procedure because the station
12 SP component is not operating.

Each tape begins with two idertical label records
written in BCD. These records contain four words each as
described below:

Word Paramster
1 Experiment identification (PSEXP or PSEXPB)
2 ALSEP identification as follows: station

12 = A, station 14 = B, station 15 = C,
station 16 = D

3 Mission identification as follows: station
12 = A/S5507, station 14 A/S509, -tation
15 = A/S510, station 16 A/S511

non

u None or year (BCi blanks or year)

Tvent tapses, data sets 2 and 4, differ from normal PSE
tapes in that time is not continuous because gaps occur
between events. All events are recorded in chronological
order.

Starting with event tape 125, the label record format
igs changed to the following:

Word Bit Parameter
1 -- (EVENT __) in BCD
2 D to 17 Fvent tape number in binary
18 to 34 Station number (12, 14, 15, 16),
binary
3 ” to 17 Year of first event in binary
35 Data format: A = C, B =1
4 -- Time in milliseconds at the begin-

ning of the PSE tape from which
the first event on the tape was
retrieved

4-12
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PSI Tape Irregularities

The following is a list of the types of irregularities,
other than tape-reading errors and data proilems, f»and in
PSE tapes. The user of PSE tapes should be aware ot their
existence.

1. Dita gap: & normal data yap is represented by 2
time increment from one logical record to the next by an
amount that is an zxact multiple of the normal frame rate
(603.75 ¢+ C.05 msec) and an increment of the frame count
corresponding to the time increment. Small data gaps, a few
seconds in duration, are quite common; thev occur at a rate
cf several to a few tens of times per day.

2. Data overlap: A rormal data overlap is represented
by a time decrement from one logical record to the next (by
an amount that is an -=xact multiple of the normal frame
rate) and by a decrement of the frame count corresponding to
+he time decrement. Data overlaps are rare, but they do
occur in earlisr tapes.

3. Clock offset due to range station switch: When the
range station receiving data from the Moon is switched from
one station to another, a slight offset in time is observed,
which is normally less than 20 msec.

4, Sync error: When data from the Moon are not
correctly translated onto PSE tapes because of errors in
synchrornization, it is reflected on the Barker code that is
included in each lcgical record. A data gap of a few frames
normally follows a sync error.

5. 2Zero record: Some logyical records are filled with
all zeros. A data gap may or may not occur at the same
time.

6. Clock rate error: This occurs when time
information based on a computer internal ¢ Hck is
substituted. It can be identified by an abnormal time
increment from o.ie frame to the next. The normal time
increment per frame is 603 or 604 msec, with the 90-frame
average in the range of 603.70 to 603.80 msec. The abnorma’
clock rate is usually less *han 0.5 percent otf normal, bu!
larger anomalies are fourd. The duration of this error is
from a few minutes to as much as 6 to 8 hr. An auncmalcus
period usually starts with a small offset in frame count nd
ends with a large offset in frawme count, reriv.senting a
large clock adijustment. Multiple cleck adjustments are
found in some cases. The amount ot clock adiustm nt ranges
from a fraction of a second to several ten f seconds, Tuo
time information on tapes is almeat continag. 3, thus

u-13



generating a data gap or a data ovzrlap without clear
indica*ion of their existence when the clock is adjusted.

7. Time/frame coun%t error* Simul*aneous
discontinuities in time and frame count that do not aygree
with each other occur rather frequently without abnormal
clock rate. Th2y occur in pairs or multiples so that the
net offset in time and/or frawme count is alwuys zero. The
offset in time at a discontinuity is often either an exact
multiple of the normal frame rate, or it is even seconds.
When the offset in time is ar exact multiple of * ~ normal
frame rate, it is not possible to determine wher'.er the
error is in time or in frame count, When an offset in time
is not an exact multiple of the normal frame rate or when it
is an offset of even seconds, a time error is indicated.

e
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TABLE 4-IX.- OPERATIONAL HISTORY

Date
Event
Yr Day Station
1969 202 11 Deployment: flat response mode
1969 215 1 Station turned off for lunar night
1969 230 1 Station turned on for second lunar day
1969 237 11 LP components drifted off scale,
station overheating and not
accepting commmands
1969 239 11 Loss of 2ll data
1969 323 12 Deployment: flat response mode,
SP component not operating, LP2Z
operating with abnormal LP response
1969 326 12 Changed LP response to standard mode
to bring LPZ back into operation
1970 105 12 Reduced LP gain to -10 4B during
Apollo 13 Saturn IVE (SIVB) impact
(01 hr 24 min)
1970 105 12 Increased LP gain to 0 4B (02 hr
30 min)
1971 036 14 Deployment: standard mode
1971 210 14 Reduced LP gain to -10 dB during
Apollo 15 SIVB impact (21 hr
00 min)
1971 210 14 Increased LP gain to 0 4B (21 hr
47 min)
1971 212 15 Deployment: standard mode
1971 330 14 LPZ axis anomalously noisy, affecting
and to LPX and LPY (After mid-January,
1972 030 LPZ was usually dead but occa-

sionally had periods of normal
operation.)
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TABLE 4-II.- OPERATIONAL HISTORY - Concluded

Date
Event
Yr Day Station
1972 112 16 Deployment: standard mode
1972 343 16 LPY anomalous noise and reduced gain
1972 345 14 Reduced LP again to -10 4B during
Apollo 17 SIVB impact (20 hr
35 min)
1972 345 14 Increased LP gain to 0 dB (20 hr
55 min)
1972 3u8 16 LPY back to normal
1974 288 12 Changed to flat response
1975 099 12 Changed to standard response
1975 179 12, 15, | Changed to flat response
and 16
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TARLE 4-IV.~- THE PSE ALSEP WORDS

Word

Description

Even words (except 2,
124, 46, 56)

9, 25, 41, 57
11, 27, 43, 59
13, 29, u5, 61
35 (even frames)
35 (odd frames)
37 (even frames)

37 (0dd frames)

SP vertical data

LP X component (LPX)
LP Y component (LPY)
LP 7 component (LPZ)
X axis tidal
Z axis tidal

Y axis tidal

Instrument temp~rature

tApollo 15 only.
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TABLE 4-V,~ THE ALSEP WOPD LOCATIONS

{(for all tapes except station 12 tapes
after day 288 of 1971)

(a) Format A

36-bit word ALSEP worAd Ise
4 4, 6, 8 sp, sSp, SP
) 9, 1, 11 LPX, SP, LPY
6 12, 13, 14 sp, LPZ, SP
7 16, 18, 20 SP, SP, SP
8 22, 24, 25 Sp, 'SP, LPX
Q 26, 27, 28 sp, L2Y, SP
10 29, 30, 32 Lpz, SP, SP
11 33, 34, 35 -, $P, 2TOLX/Z
12 36, 37, 38 SP, 2TFMP/TDLY, S
13 un, u1, u2 sp, LPX, SP
14 u3, 44, 45 LPY, SP, LPZ
15 46, 48, S0 -, Sp, SP
16 52, 54, 57 sp, sp, LPX
17 58, 59, 69 sp, LPY, SP
18 61, 62, 64 Lpz, SP, SP

(b) Format B (for station 12 starting on dav 289

of 1971)
36-hit word ALSFP word lise
4 9, 11, 13 LpX, LPY, LP7Z
5 25, 27, 29 1.pPX, LPY, LP%
6 13, 315, 1317 -, TDLX/Z, TEMP/TDLY
7 41, 43, 45 1.PX, LPY, LP7
8 46, 57, 59 -, LPX, LPY
] 61, -, - LPZ

1Not for Apollo 15.
= tidal, TEMP = temperature.

2TDL
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Figure 4-2.- Schematic diagram of the Apollo passive
experiment (PSE).
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o 5. ACTIVE SEISMIC EXPERIMENT (NASA EXPERIMENT S-033)

~- .

NSSDC IDENTIFICATION NUMBERS:

APOLLO 14 71-008C-05
-APOLLO 16 72-031C-02
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5. ACTIVE SEISMIC EXPERIMENT

The active seismic experiment (ASE) was part of the Apollo
lunar suvrface experiments package (ALSEP) cf the Apollo 14 and 16
missions. The purpose of the experiment was to generate and mon-
itor seismic waves in the near lunar surface and to use these
data to study the internal structure of the Moon to a depth of
several hundred meters.

INTRODUCTION

The ASE data are obtained from three sources: an astronaut-
activated thumper, a mortar package that contains rocket-launched
grenades, and the impulse produced by the lunar module (IM)
ascent. The Apollo 14 grenades have not been fired at the time
of this writing. A study of the deployment photographs and the
astronaut's description of the mortar box positioning raised the
question of the back-blast effect on other experiments. A post-
mission vacuum chamber test was conducted with the ALSEP config-
uration the same as that deployed on the lunar surface. The
results of this test indicated that the back blast might damage
the other experiments and the ALSEP central station; therefore,
it was decided that the mortars will not be fired until the other
experiments fail to return valid scientific data.

Three cf the four grenades at the Apollo 16 site have been
fired. On May 23, 1972, the Apollo 16 ALSEP was commanded to
high bit rate between 05:20:00 and 06:44:00 (hr:min:sec) G.m.t.
for the ASE/mortar mode of operation (fig. 5-1). Three of the
four high-explosive grenades in the mortar package were success-
fully launched in the following sequence: Grenade 2 (1024 g) was
launched a distance of 900 m; grenade 4 (695 g) was launched a
distance of 150 m; and grenade 3 (775 g) was launched a distance
of 300 m. Grenade 1, which weighed 1261 g and was to be launched
a distance of 1500 m, was not launched because the mortar package
pitch angle sensor went off-scale high after grenade 3 was fired.
The off-scale indication makes the pitch position of the launch
assembly uncertain; therefore, the decision was made to delay
launching of the morta. as long as the other Apollo 16 experiments
were gathering valid scientific data.

5-3
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INSTRUMENT DESCRIPTION AND PERFORMANCE J
( H

./

The ASE consists of a thumper and geophones, a mortar package
assembly (MPA), electronics within the ALSEP central station, and
interconnecting cabling. The components of the ASE are shown
schematically in figure 5-2.

The astronaut-activated thumper is a short staff (fig. 5-3)
used to detonate small explosive charges -- single bridgewire
Apollo standard initiators. Twenty-one initiators are mounted so
that they are perpendicular to the base plate at the lower end of
the staff. An arm-fire switch and an initiator-selector switch
are located at the upper end of the staff. A pressure switch in
the base plate detects the instant of initiation. A cable con-
nects the thumper to the central station to transmit real-time
event data. The thumper also stores the three geophones and con-
necting cables until deployment on the lunar surface.

The three identical georhones are miniature seismometers of
the moving coil-magnet type. The coil is the inertial mass sus-
pended by springs in the magnetic field. Above the natural
resonant frequency of the geophones (7.5 Hz), the output is pro-
portional to ground velocity. The geophones are deployed at 3-,
49-, and 94-m (10-, 160-, and 310-ft) intervals in a linear array
from the central station and are connected to it by cables.

The Apollo 14 and 16 ASE characteristics are given in tables i.p
5-I(a) and 5~I(b). The Apollo 16 nominal ASE grenade parameters
are listed in table 5-II.

OPERATIONAL HISTORY

Geophone distances from the Apollo 14 and 16 thumper shots
are given in tables 5-IiI(a) and 5-III(b). Thumper f'ring times
for the Apollo 14 and 16 seismic experiments are give: in tables
5-1V(a) and 5-IV(b). Seismic signals produced by the Apollo 16
LM ascent stage and ASE thumper firings are shown in figures 5-4
and 5-5. The deployed experiment configuration is shown in fig-
ure 3 of reference 5-1.

Apollo 16 Grenade Firings

Grenade number 4.~ Firing information for grenade number 4
is in"records 527 to 559. The fire command is in record 529,
frame 10, at 1972:144:06:32:3,.183 (yr:day:hr:min:sec) G.m.t.
Detonation is in record 548, frame 7, word count 9, bit count 8
at 1972:144:06:32:14,430 G.m, t,

5=y

e b b DA N, OF

L N

2 by

ey N e gaeT

B

e T T ks Rl et T

PR

=1 e T 1 7
e g el Ve
« B s

F 5 e



Coomagr ge gegs <

N T I < C R IR AN

[

e

r
¢
H

;
i
§

b

The launch angle ¢ was 11.330°., Because no valid range
line data were obtained for this or for the other two grenades

that were fired, TO (the time that the fire command was trans-

mitted) was used. The error is no larger than 1 ALSEP data frame
or 0.0604 sec.

Range data were calculated as follows. Where time of flight
T of the grenade is computed by

2VI sin 8
T = ————6————-= 11.247 sec (5-1)

and where computed initial velocity Vi is calculated as

V. = Tg _ 11.247 x 5.3245

I~ 2sin 8 - Z sin (45° - 11.33°) - 5#.0085 ft/sec (5-2)

then the range R is obtained by the equation

R = VI cos 8T = 506 ft (5-3)

where g is lunar gravity. Based on these computations, the
following distances were derived. (See Kovach and Watkins'
deployment geometry of the geophone array relative to the mortar
package (fig. 3 in ref. 5-1).)

The Apollo 16 geophone distances from grenade 4 were as
follows:

Geopho.ie Distance Corrected geophone
distance
m ft m ft
1 154.23 506 154.23 506
2 108.51 356 107.29 352
3 62.79 206 61.87 203

5-5
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Grenade number 3.- Firing information for grenade number 3
The fire command is in record 1324,
frame 9, at 1972:7144:06:40:3.089 G.m.t.
1358, frame 6, word count 30, bit count 10, at 1972:144:06:40:

is in records 1320 to 1360.

23.4315 G.m.t.

The launch angle -as 7.94° from 45°.

Detonation is in record

The other data are as

follows:
2VI sin ©
T = —g = 20.3425 sec (5-4)
V. = —02 = 89.86 ft/sec (5-5)
I 2 sin o :
R =V, cos 6T = 1459 ft (5-6)

I

The Apollo 16 geophone distances from grenade 3 were as

follows:
Geophone Distance
m ft
1 444.70 1459
2 398.98 1309
3 353.26 1159

Grenade number 2.- Firing information for grenade number 2
The fire command is in record 1771,
frame 4, at 1972:144:05:48:3.184 G.m.t.
1831, frame 7, word count 16, bit count 14, at 1972:144:05:48:

is in records 1766 to 1833.

39.5015.
The launch angle was 2.07° from 45°,
follows:
2VI sin 6
T = -——'—-g'——-—— = 36.3175 sec

Detonation is in record

The other data are as

(5-7)



- _Tg _36.3175 x 5.3245 _ _
Vi =555 - "3 x 068115 = 141.9 ft/sec (5-8)
R = V_ cos 6T = 3338 ft (5-9)

I

The Apollo 16 geophone distances from grenade 2 were as

follows:
Geophone Distance
m ft
1 1017.42 3338
2 971.70 3188
3 925.98 3038

Grenade number 1.- Grenade number 1 wa

Apollo 16 LM Ascent Recorded

The time of LM ascent thrust was compu
based on LM ascent engine startup time plus
(01:25:48.588 + 0.140). The time at which
approximately 20 percent of peak pressure w
buildup time.

The geophone distances from the Apollo
were as follows:

s never fired.

by ASE

ted as 01:25:48.728,
engine buildup time
the engine achieved
as used as the engine

16 LM ascent point

Geophone Distance '
m ft
1 95.10 312
2 121.31 398
3 156.67 514

NOTE: The LM ascent at the Apollo 14 site was not recorded.

5-7
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NSSDC DATA DESCRIPTION AND TAPE FORMAT

The ASE data are available from the National Space Science
Data Center (NSSDC) on odd-parity, 7-track, 1.27-cm (0.5 in.),
800-bpi, binary tape with standard end of file. The data are
stored as 36-bit words in 228-word logical records (fig. 5-6).
As illustrated in figure 5-6, each logical record contains 10
frames of 32 seismic data words each, 10 timing words, and the
day, date, and identification information.

The 10 timing words give the time in milliseconds for the
start of each of the 10 corresponding data frames. Each 32-word
data frame covers 0.060377 sec. The time of a particular data
word (e.g., data word n in frame m) is given by

_ 0.060377,  _ _
to=t + ===l - 1) (5-10)

where n 1, 2, ... 32

t
m

n

the start of frame m

The occurrence of a seismic event (either thumper or mortar)
is indicated by the frame mark in word 29 of each frame. (The LM
ascent has no frame mark and must be located on the basis of the
time given earlier.,) If the frame mark in word 29 is 4 (00100)
an event has occurred; if it is 0 no event has occurred. The
base time for the event is just the start time of the previous
frame. The exact time is marked by recording the word count and
bit count portions of words 30 and 31, respectively, of the frame
in which the event mark is set (fig. 5-7). Thus, the exact firing

time tF for an event occurring in frame m is

o

W
e (5-11)
W

F m-1 AtB

where WM is the word count from word 30, BM is the bit count

from word 31, and Atw and AtB are defined as

1

Atw = [0.060377(sec/frameﬂ [52 words/frame] (5-12)

5-8



— 1 1 .-
Atw - [0.060377(sec/frameﬂ[32 words/frame}[}O bits/wordJ(5 13)

Note that WM is in binary but BM is not in binary and must be

obtained from table 5-V. Also, note that the engineering word

Ei and the three geophone words G1, G2, G3 of each data word

comprise 20 bits of the word; the last 4 bits are spare.
LOG COMPRESSION

To achieve the maximum dynamic range, the seismic data were
log compressed into 32 binary levels as shown in table 5-VI. The

binary data in the G1, G2, and G3 positions must be decom-

pressed to obtain the actual seismic signal data output from the
seismometers.

The appropriate expansion formula to recover true input
voltages is

. Voyp ~ 2-420 510
IN \Y
3
if 2.170 < VOUT < 2.670
for decimal 14, 15, and 16; and
\Y -V
— ouT 1
VIN = texp _TVZ——.— (5-15)

for decimal § to 13 and 17 to 31; the + sign is used for posi-
tive input signals.

5-9
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The values of V
(positive and negative) for the Apollo 16 system are as follows:

30 Yy

(positive and negative), and V2

Geophone V3 V2
Negative, | Positive, Negative, | Positive,
decimal 0| decimal 17 | decimal 0 { decimal 17
to 13 to 31 to 13 to 31
1 332.0 0.282600 4.557799 -0.268580 0.267730
2 332.0 .301230 4,.557980 -.269830 .270650
3 332.0 .261240 4,553029 ~-.270540 .268130

Geuphone calibration data are given in the Apollo 16 Preliminary
Science Report (ref.

Values of V

ouT
obtained from table 5-VI.

5-2).

then equation (5-15) yields

Vv =

IN

<2
exp

For example,

.736220 - 4,557799

0.267730

DATA AVAILABLE AT NSSDC

The following data are available at NSSDC.

) = 0.0011 V

for the appropriate binary level are
if the binary level is 17,

(5-16)

1. Tapes and microfilm of log-compressed digital data

2. Supporting documentation

Kovach, R. L.;

REFERENCES

of the Lunar Crust.

pp. 63-75.

5-2.

and Watkins, J. S.:

Kovach, Robert L.; Watkins, Joel S.;
Active Seismic Experiment.
inary Science Repoxt, NASA SP-315,

Sec.

Th2 Velocity Structure
The Moon, vol. 7, Apr.

and Talwani, Pradeep:
10 of Apollo 16 Prelim-

1972,

1

973,
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TABLE 5-I.- APOLLO 14 AND 16 ASE CHARACTERISTICS

(a) apollo 14

Component characteristics

Channel no.

1 2

Geophones:
Generator constant, V/m/sec . . . .
Frequency, Hz . . .« « + « ¢ « « o &
Resistance, f « o ¢ o o o s ¢ o o o
Amplifiers:
Noise level, uV rms at input . . .
Dynamic range, rms signal to
rms noise in dB . . + ¢ ¢ ¢ o o .
Gain (at 10 Hz and VIN = 5.0 mV rms)

Log compressor (compression accuracy
for temperature range 288 to 323 K):
Positive signal error, percent . .
Negative signal error, percent . .

System:

Signal-to-noise ratio (rms signal
to rms noise in dB for a 10-nm
peak-to-peak signal at 10 Hz) . .

Calibrator accuracy:

Generator constant, percent error .

Natural frequency, percent error .

250.4 | 243.3 | 241.9

7.32 7.22
6065 6157

7.58
6182

0.300 | 0.325| 0.272

86.8 86.5

87.5

666.7 | 666.7 | 675.7

3.79 4.71
2.07 1.32
33.6 33.1
4.21 9.70
3.28 4.99

32.9

6.40
8.58
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TABLE 5-I.~ APOLLO 14 AND 16 ASE CHARACTERISTICS - Concluded

(b) Apollo 16

Component characteristics Channel no.
1 2 3
Geophones:
Generator constant, V/m/sec . . . . . . 255 255 257
Frequency, HZ . . « ¢« ¢ ¢ o o o o o o« o |7.42] 7.441 7.39
Resistance, € . « « ¢« ¢« &« & « « o+ « « o | 6090 6212 | 6204
Amplifiers:
Noise level, mV rms at input . . . . . .} .266] .100| .133
Dynamic range, rms signal to
rms noise in dB at 10 Hz . . . . . . . |84.4}92.4 90
Gain (at 10 Hz and
Viy = 2.75 mv peak to peak). . . 698 | 684 | 709
Log compressor (compression accuracy
for temperature range 288 to 323 K):
Positive signal error, percent . . . . . |U4.04] 3.63 | 4.83
Negative signal error, percent . . . . . |2.46| 1.87| 1.88
System:
Signal-to-noise ratio (rms signal
to rms noise in dB for a 10-nm
peak-to-peak signal at 10 Hz) . . . . |38.9] 37.9| 45.0
Minimum discernible signal (basea on
0.5-mV zero-to-peak input equal to
1 digital unit at low level)
Zero to peak at 1 Hz, nm . . . + . . 4 4 4
Zero to peak at 4 Hz, nm . . . . . . .3 .3 .3
Zero to peak at 10 Hz, nm . . . . . o1 A 1
Zero to peak at 20 Hz, nm . . . . . .05 .05 .05




TABLE 5-II.~ APOLLO 16 NOMINAL ASE GRENADE PARAMETERS

Parameter Grenade no.
1 2 3 4y

Range, M . .« « &« « & o« & « & . 1 500 900 300 150
Mass, g « « « o o« o o o o o . . 1 261 1 024 775 695
High-explosive-charge mass, g . . 454 272 136 us
Rocket-motor mean peak

thrust, N . . . . . . . . . . 22 224 111 112 | 7556 | 5556
Mean velocity, m/sec . . . . . - 50 38 22 16
Lunar flight time, sec . . . . . by 32 19 13
Rocket-motor- propellant

mMasS, 9 « « « o o o . . . o 42 27 15 10
Propellant pellets, no. .« o . . . 2 365 1 520 620 570
Launch angle, deg . . . . .« . 45 45 45 45
Rocket-motor thrust duratlon,

MSEC & & o o« « o o o o o » . o 6.0 7.5 ] 10.5 B.5
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TABLE 5-III1.- GEOPHONE DISTANCES FROM THE

APOLLC 14 and 16 THUMPER SHOTS

(a) Apollo 14

Shot Distance to ~-
Geophone 3 Geophone 2 Geophcne 1

m ft m ft m ft

1 0 0 45,72 120 91.44 300
2 4.57 15 41.14 135 86.87 285
3 9.14 30 36.58 120 82.30 27V
4 13.7 45 32.00 105 77.72 255
5 18.29 60 27.43 90 73.15 240
6 22.86 75 22.86 75 68.58 225
7 27.43 90 18.29 60 64.00 210
8 32.00 105 13.71 45 59.44 195
9 36.58 120 9.14 30 54,86 180
10 41.14 135 .57 15 50.29 165
11 45.72 150 0 ¢ n5.72 150
12 50.29 165 4.57 15 41.14 135
13 54.86 18¢C 9.14 30 36.58 120
14 59.44 195 13.71 45 32.00 1C5
15 64.05 210 18.29 60 27.43 90
16 68.58 225 22.86 75 22,86 75
17 73.15 240 27.43 90 18.29 60
18 77.72 255 32.00 105 13.71 45
19 82.30 270 36.58 120 9.14 30
20 86.87 285 41.14 135 .57 15
21 91.44 300 45.72 150 0 0
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TABLE 5-III.- GEOPHONE DISTANCES FROM THE APOLLO 14
AND 16 THUMPER SHOTS -~ Concluded

(b) Apollo 16

Shot Distance to --
Geophone 3 Geopl.one 2 Geophone 1
m ft m ft m ft
1 0 0 45.72 150 91.44 300
2 4,57 15 41.14 135 86.87 285
3 9.14 30 36.58 120 82.30 270
4 13.71 us 32.00 105 77.72 255
5 18.29 60 27.43 90 73.15 240
; 6 22.86 75 22.86 75 68.58 225
‘ 7 27.43 90 18.29 60 64.00 210
8 32.00 105 13.71 us 59.44 195
9. 36.58 120 9.14 30 54.86 180
10 41.14 135 4.57 15 50.29 165
1" 45.72 150 0 0 45.72 150
12 54.86 180 9.14 30 36.58 120
13 59.44 195 13.71 45 32.00 105
14 64.05 210 18.29 60 27.43 90
15 68.58 225 22.86 75 22.86 75
16 73.15 240 27.43 90 18.29 60
17 77.72 255 32.00 105 13.71 4s
18 82.30 270 36.58 120 9.14 30
19 91.44 300 45.72 150 0 0
{
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TABLE 5-IV.- THUMPER FIRING TIMES FOR APOLLO 14 AND 16

(a) Apollo 14

Shot Firing time, Record | Frame Word count | Bit count
hr:min:sec, G.m.t.

1 18:10:38.781 1067 7 14 11
2 18:12:13.494 1224 6 5 9
3 18:13:33.315 1356 8 11 17
4 18:14:38.890 1465 u 1M 10
b, 18:20:31.980 2050 2 18 20
11 18:24:12.121 2412 8 23 31
12 18:26:29.733 2640 8 0 -1
13 18:27:18.322 2720 2 24 27
17 18:31:16.797 3115 2 18 20
18 18:32:28.716 3234 3 26 12
19 18:33:47.770 3365 3 5 9
20 18:34:42.306 3454 6 14 19
21 18:37:06.960 3694 2 11 14

mode

aFrame number is the number

is set.

b

Shots 5, 6, 8, 9,

5=16

10, 14, 15, and 16 misfired.

of the frame in which the event

s QT
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TABLE 5-1IV.~ THUMPER FIRING TIMES FOR APOLLO 14 AND 16 - Concluded
(b) Apollo 16
Shot Firing time, Record | Frame | Word count | Bit count
hr:min:sec, G.m.t.
1 20:01:51.851 717 9 13 19
2 20:02:38.758 795 6 12 13
3 20:03:17.376 859 6 1 13
) 20:03:53.157 918 3 22 16
5 20:04:49,709 1012 5 13 20
6 20:05:27.299 1074 8 2 2 |
7 20:06:13.675 1151 6 7 1" i
8 20:06:49.332 1210 6 27 5
9 20:07:30.203 1278 3 26 1
10 20:08:13.808 1350 6 2 9
11 20:09:42.508 1497 5 9 15
12 20:10:29.512 1575 3 27 6
13 20:11:06.603 1636 8 7 8
14 20:12:14.656 1749 5 14 2 |
15 20:12:45.090 1799 9 17 6
16 20:13:23.572 1863 6 30 5
17 20:14:12.072 1943 10 9 7 |
18 20:14:52.150 2010 4 4 3 !
19 20:15:51.232 2108 2 24 5 é
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TABLE 5~V.- BIT COUNT DEFINITIONS FOR WORD 31

Bit

Bit Count

Bit

Bit Count

Bit

Bit Count

00001
01100
01110
01111
01011
01001
10100

10
11
12
13

10110
10111
10011
10001
11100
11110

11111

14
15
16
17
18
19

11011
11001
00100
00110
00111
00011
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TABLE 5-VI,- APOLLCO 14 AND 16 ASE LOG COMPRESSION

The ASE has 32 binary levels for representing the log-

compressed data. Compression is linear if V

Binary level

ouT

between 2.170 and 2.670 V.

wodounmEswNn -0

Log compressor output, V

OUT

Linear portion
of compressor

0.059060
.216540
.374020
.531500
.688980
.846460

1.003940

1.161420

1.318900

1.476380

1.633860

1.791340

1.948820C

2.10630

2.263780

2.421260

2.578740

2.736220

2.893700

3.051180

3.208660

3.366140

3.523620

3.681100

3.838580

3.996060

4.153540

4.311020

4.,46850

4.625980

4,783460

4.940940

5~-19
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Grenade

Transmitter

45°

High .
explosive Safe shide olal ,
Grenade T aie shde plate Launch angle
electronics------ - “7r---Detonator 9

Igniter-----<-
~

Rocket motor

Range line
and antenna

:Central-station

electronics Mortar

assembly

Figure 5-1.- Diagram showing the mortar mode of ASE operation.

Transmitter Initiator-
antenna Grenade selector
and range line assembly (4)  switch
{deployed) @
- . .To central
- 7 station
Receiving [ Arm-fire--
antenna switch
Geophone
detectors (3)
assembly
Tceophone
----------- flag

Thumper
assembly

Electronics

Radio
frequency
cable

Figure 5-2.- Schematic diagram of the ASE.
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:Geophone _Anitiator-
. L selector
; switch
T Arm-tire
switch

Folded Extended

Figure 5-3.- Schematic diagram of the thumper in the folded and

extended positions.

First
arrival

Second
arrival

I

Geophone 1 95 m

eeedind

i
LR
et me | I
mRERRL

Fire

w
I < l

U ut“ LLJ 1 H s
Geophone 3 157 m l l
-r———*-*~1~*”*L~*ﬁﬁJ¥)vAAJhﬂ»ﬂN |
| il
o A i —
:;: n 1 2 3
i Begins at 01 25-46.410 G.m.1, Time after ignition, sec
; Figare 5-4.- Signals recorded by the ASE geophones from the lift-
; v - off of the Apollo 16 LM ascent stage.
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\ 5-21

- e

ann v 5

w5 AR e 4G ST o 4 S S0 T .

- ,&éfﬁ.&? Fe-18



23 45Tm |
TN,

33 9.14m

A
PV NN /'WV

43 B.2m

13 2.8m

8-3 32.00m

9-3 36.58m

Figure 5-5.- Expanded time playouts of seismic signals produced by

Apollo
traces

16 thumper firings 2 to 9 as recorded at geophone 3. The
are alined to the same firing instant, and the arrows

point to the onset of the seismic signal. (The first number in
the data identifier is the thumper firing, and the second num-

ber is

the geophone on which the data were recorded.:

5-22

L N AT T

gt e

P



[

. .
[

Word
in Bits 1n word
record 0 1 2 3 4 5 6 7 8 9 101112 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35
0 _—I LSRG L S SO S FO‘RTR‘AN lzlbelI - —! ML S S N SO . [Hea'du‘— BN N N " |
1 Day (binary-coded decimal} " |
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3 Spare
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5 : Time 2 (msec) n
61 Time 3 (msec) B
7 Time 4 (msec) ]
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Figure 5-6.- Description of ASE data tape.
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Figure 5-6.- Concluded.
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Word 29
0

45

910

14 15

19 20

23

Frame
mark

Spare

Word 30

0
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910

14 15

1920

23

Event
word
cotint
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Word 31

45

910

14 15
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23

Event
bit
count
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Word 32
0
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910

14 15
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\

G

1

Gy

Gq

Spare

LMode identification and command verification

Figure 5-7.- Format of words 29, 30, 31, and 32.
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' 6. LUNAR SURFACE MAGNETOMETER (NASA EXPERIMENT S-~034)

NSSDC IDENTIFICATION NUMBERS:

APOLLO 12 69-099C-04
APOLLO 15 71-063C-03
APOLLO 16 72-031C-03
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€. LUNAR SURFACE MAGNETOMETER

Lunar surface magnetometers were deployed by astronauts on
the Apollo 12, 15, and 16 missions. This network of three mag-
netic observatories on the lunar surface allows simultaneous
measurements of the global response of the Moon to large-scale
solar and terrestrial magnetic fields. Figure 6~1 shows the
Apollo 16 instrument deployed at the Descartes site.

DESCRIPTION

Tre three orthogonal vector components of the magnetic field
are measured by three fluxgate sensors. Each sensor consists of
a toroidal Permalloy core that is driven to saturation by a
sinusoidal current having a frequency of 6000 Hz. The three
fluxgate sensors are located at the ends of three 100-cm-long
orthogonal booms that separate the sensors from each other by
150 cm and position them 75 cm above the lunar surface. Orienta-
tion measurements with respect to lunar coordinates are made with
two devices. A shadowgraph and bubble level are used by the
astronaut to aline the lunar surface magnetometer (LSM) and to
measure azimuthal orientation with respect to the Mcon-to-Sun
line to an accuracy of 0.5°. Gravity-level sensors measure
instrument tilt angles to an accuracy of 0.2° every 4.8 sec.

The thermal subsystem is designed to allow tne LSM tc opera -
over the complete lunar day-night cycle. Thermal control is
accomplished by a combination of insulation, control surfaces,
and heaters that operates collectively to keep the t~mperature of
the electronics between 267 and 319 K. The electronics and the
motor drive assembly are located in a box encased in a thermal
blanket. Heat rejection during lunar day and retention during
lunar night are contrclled by a parabolic reflector array on two
sides of the electronics box. The astronaut bubble level and
azi.authal shadowgraph, which allow accurate orientation of the
magnetometer, are on top of the box.

Power, digitai signals, and commands are conveyed throughL a
ribbon cable that connects to the Apollo lunar surface experiments
package (ALSEP) central station telemetry receiver and trans-
mitter. The instrument characteristics are listed in table 6-I,
and a more detailed description is given in reference 6-1.

. -



: DATA SETS AND AVAILABILITY THROUGH NSSDC

The red' ted data are located at Ames Research Center and the
National Space Science Data Center (NSSDC). Data have been re-
corded for the following time periods.

Apollo Period begins Period ends
mission Year day:hr:min Year day:hr:min
12 1969 323:74:39 1970 093:03:15
15 1971 212:18:00 1972 264:16:36
16 1972 112:22-00 1974 265:00:00

The data are recorded on magnetic tape and are plotted as a func-
tion of time.

APOLLO CORRECTION TAPE DESCRIPTION

The correction tape (FORTRAN binary tape, 36 bits per word)
contains lunar magnetic field data in the ALSEP coordinate system.
The tape was written by a FORTRAN IV program using a "WRITE (N)
LIST" statement. The first word of each record contains time in
milliseconds for the first vector (X, Y, 2) within a record.
Vectors are at approx.mately 301.88-msec intervals. Each compo-
nent has been rounded tc the nearest 0.01 y (0.01 nT), multiplied
by 100, and stored into 18 bits.

1 2 18
Ls] I

The first bit is "0" for positive field values and "1" for nega-
tive field values. For example, a value of -29.376 , (-29.376 nT)
will be stored as -2938. Two compcnents are packed into each 36--
bit word.

6-4
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, Two vectors require thrce 36-bit words.

12 18 19 36
X Xy Sy Yy Word 1
S, Zq Sx X Word 2
Sy Yo Sz Z) Word 3

Time on the tape is continuous; data gaps are filled by flagging
missing vectors with 999.9 (X = 999.9, Y = 999.9, 2 = 999.9).
Output Tape Format

The label record is stored in four words with the following
format.

L1 1 11 [ B L1 1l g | T
N g o ~-
Experiment  Year  Start Stop  Sequence
identification time time  number

Example: MAGCTA12 69 32414 32714 0015

The data records are stored in 751 words with the following

format.
Time, msec Word 1 Word 2 Word 3
X1 Yi| 2y Xa| Y2 Zp
Word 4 Word 5 Word 6
X3 Y| 23 Xg4|Yq Zg4
Word 7 Word 8 Word 9
Word 748 | Word 749 | Word 750 )
x499y499 Z499X500 Y500 Z500
4 6-5



Last Records

The last record of data is filled with ones (octal ones =
111111111111) ; the last logical record is filled with all ones
followed by end-of-file (EOF). Description: Binary tape,

556 bpi; 7-track, standard IBM EOF.

Data Plot Formats

Samples of data plot formats are shown in figure 6-2 for
Apollo 16 and in figure 6~3 for Apollo 12 and Explorer 35.

SUMMARY OF LSM RESULTS

The purpose of the LSM experiments was the measuring of rem-
anent and induced lunar magnetic fields to investigate the follow-
ing properties of the lunar interior and the lunar environment:

(1) global electrical conductivity and temperature of the Moon,
(2) lunar magnetic permeability and iron abundance, and (3) lunar
remanent magnetic fields and their interaction with the solar-
wind plasma.

The electrical conductivity of the lunar interior has been
determined from measurements of the lunar electromagnetic response
to transients in the magnetic field external to the Moon. Initial
analyses used simultaneous data from the Apollo 12 LSM and Explor-
er 35 lunar orbiting magnetometer, measured when the Moon was im-
mersed in the solar-wind plasma with the LSM on the lunar night-
side. Recently, a new technique has been applied to conductivity
analysis in which simultaneous data are used from a network of
three instruments: the Apollo 15 LSM, the Apollo 16 LSM, and the
Apollo 16 subsatellite magnetometer, which provide coverage around
the entire glokal circumference. 1In this analysis, measurements
are made when the Moon is located in high-latitude regions of the
geomagnetic tail where plasma effects in the lunar environment are
minimal. Individual magnetic events are superimposed to obtain a
single large transient for analysis. Also, during examination of
5 yr of data, one exceptionally large magnetic transient was re-
corded when the Moon was in the geomagnetic tail. This single
event has allowed substantial improvement in resolution and sound-
ing depth for conductivity analysis.

Although the two types of conductivity analysis are analyt-
ically different and use measurements obtained over a 5-yr period
from six different magnetometers, results are in surprisingly
close agreement. A striking feature is the abrupt transition
near 300-km depth where a knee occurs in the conductivity profile.
The conductivity increases rapidly from the surface to approxi-

mately 4 x 10_3 mhos/m at 300-km depth. At greater depths, the
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conductivity increases more slowly to about 2 x 10-2 mhos/m at
800-km depth. This conductivity traunsition at 300-km depth, the
location of which corresponds closely to that of the seismic ve-
locity change reported by Nakamura et al. (ref. 6-2), strongly
implies a structural or compositional change at that depth.

The lunar magnetic permeability has been determined using two
different analytical techniques, which give consistent results.
The first was Apollo 12 or 15 LSM data with simultaneous Explorer
35 data to plot hysteresis curves for the entire Moon. The sec-
ond method uses simultaneous Apollo 15 and 16 LSM data. The glo-
bal magnetic permeability is ¢ = 1.008 + 0.005. This result im- :
plies that the Moon is not composed entirely of paramagnetic ma- i
terial but that ferromagnetic material, such as free iron, exists
in sufficient amounts to dominate the bulk lunar susceptibility.
The ferromagnetic free-iron abunuance can be calculated from the
magnetic data. Then, for assumed compositional models of the
Moon, the additional paramagnetic ircn can be determined, yield-
ing total lunar iron content. The calculated abundances are as
follows: ferromagnetic free iron, 2.5 t?'; percentage by weight;

total iron in the Moon, 5.0 to 13.5 percentage by weight.

The remanent magnetic fields measured thus far on the Moon
are 38 y (38 nT) at the Apollo 12 site in Oceanus Procellarum,
103 and 43 vy (103 and 43 nT) at two Apollo 14 Fra Mauro sites
separated by 1.1 km, 3 y (3 nT) at the Apollo 15 Hadley-Apennines
site, and 112 to 327 y (112 to 327 nT) at the Apollo 16 Descartes
highland site.

[

Measurements show that the remanent field at the Apollo 12
site is compressed by the solar wind. The 38-y (38 nT) remanent
field is compressed to 54 y (54 nT) by a solar-wind pressure

increase of 7 x 10—8 dyne/cm2 (7 x 10-13 N/cmz). The ratio of

plasma dynamic pressure to total magnetic pressure is 5.9 during
the time of maximum field compression. The change in magnetic
pressure is directly proportional to the change in plasma dynamic
pressure.
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TABLE 6-I.- APOLLO 16 LUNAR SURFACE

MAGNETOMETER CHARACTERISTICS

Parameter Value
Ranges for each sensor, y (nT) . 0 to +200
0 to +100
0 to 50
Resolution, y (nT) +0.1
Frequency response, Hz . dc to 3

Angular response

Sensor geometry

Analog zero determination
Power, W . . . . . . .
Weight, kg

Size, cm .

Operating temperature, K
No. of commands

Ground . . .« ¢« + . . .
Spacecraft . . . . . .

Cosine of angle
between field and
sensor

Three orthogonal
sensors at ends of
100~cm booms

180° flip of sensor

3.5

8.9

63 by 28 by 25
223.15 to 358.15

10
1
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Figure 6-1.- Apollo 16 lunar surface magnetometer deployed at the
Descartes site.
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7. LUNAR PORTABLE MAGNETOMETER /

The purpose of the lunar portable magnetometer (LPHM)
experiment is to measure the permanent magnetic field at
different grological sites on the lunar surface. These
measurements can be used to determine the present magnetic
and structural properties of the local region and to explain
magnetic aspects of the history of the Moon.

EXPERIMENT AND INSTRUMENT DESCRIPTION

For the experimental technique, the self-contained LPM
is used to measure the steady magnetic field at different
points along the lunar traverse of the astronauts. The LPM
field measurements are a vector sum of the steady remanent
field from the lunar crust and of the time-varying ambient
fields. The Apollo lunar surface experiments package
(ALSEP) lunar surface magnetometer (LSM) simultaneously
measures the time-varying components of the field; these
components are later subtracted from the LPM measurements to
give the desired resultant steady remanent field values due

I to the magnetized crustal material. The LPM consists of a
set of thre< orthogonal fluxgate sensors mounted on top of a
tripod; the sensor-tripod assembly is connected by means of
a 15-m ribbon cable to the electronics box, which is mounted
on the lunar roving vehicle (LRV) (Apollo 16 LPM) or on the
modularized equipment transporter (MET) (Apollo 14 LPN).

The fluxgate sensor is used to measure the vector
components of the magnetic field in the magnetometer
experiment. Three fluxgate sensors are orthogonally '
mounted in the sensor block. Each sensor weighs 18 g and
uses 15 nW of power during operation.

The sensor block, amounted on the top of a tripod, is
positioned 75 cm above the lunar surface (figs. 7-1 and
7-2) . The tripod assembly consists of a latching device to
hold the sensor block, a bubble level with 19 annular rings,
and a shadowgraph with 3¢ markings used to aline the device
along the Moon-to-Sun line.

The magnetometer electronics is self-contained with a
set of mercury cells for power and three displays for visual
readout of the magnetic field components. The instrument
characteristics are listed in table 7-1, and detailed

I\ 7-3
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descriptions are reported in the Apollo 14 and 16
Preliminary Science Reports (refs. 7-1 and 7-2).

The astronaut operation is crucial to the execution of
this experiment. The following measurement sequence is
conduc*ted: Leaving the sensor tripod assembly deployed 15 m
away from the LRV (or MET), the astronaut returns to the
electronics box on the LRV (or MET); then after waiting 60
sec, he turns the power switch on, reads the digital
displays (ammeters for Apollo 14) in sequence, and verbally
relays the data back to Earth. At the first site only, two
sets of additional readings are taken with the sensor block
first rotated 180° about a horizontal axis and then rotated
1802 about a vertical axis. These additional readings allow
determination of a zero offset for each axis.

SUMMARY OF LPM DATA

A summary of all LPM data is given in table 7-II, which
also includes the remanent field measurements made by Apollo
lunar surface magnetometers.

RESULTS

The LPM was used by the Apollo 14 astronauts to measure
the steady magnetic field at different sites in the Ffra
Mauro region. The instrument recorded steady magnetic
f elds of 1"3 & 5 n7” and 43 & 6 nT at two sites separated by
1120 m. These measurements showed that the unexpectedly
high 38-nT steady field measured at the Apollo 12 site 180
km away was not unique. 1Indeed, these measurements and
studies of lunar samples and the lunar-orbiting Explorer 35
data indicate that much of the lunar surface material was
magnetized at some prior time in lunar history.

The remanent magnetic fieids, measured in the Apollo 16
Descartes region, range between 112 to 327 nT. These
measurerents show that the Descartes highlands have a
stronger remanent magnetization than do the mare regions of
the previous Apollo landing sites. From the complete set of
measurements obtained by the Apollo surface magnetometers,
the lunar subsatellite magnetometers, and the orbiting
Explorer 35 magnetometer, it is apparent that the Hoon is
extensively covered with remanent magnetic field sources
that shov a strong regional variation. One elusive but
important finding is the negative evidence of a measurable
global dipolar field for the Moon.
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From lunar sample wea.urem=2nts, it is generally
concluded that the lunar remanent €£i2l4 is primarily of
thermoremanent origin; the lunar crustal material probaply
became magnetized as the material cooled below the Curie
temperature in the presence of a strong ambient magnetic
field scme 3 to 4 billion years ago. Sources of this
ancient ambient field, which no longer exists on the Moon,
include an extinct lunar dynamo, a stronger solar or
terrestrial field, and meteorite-~shock-in? :ced fields.
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TABLE 7-I.- APOLLO LPM CHARACTERISTICS

Parameter Apollo 14 Apollo 16
Ranges for each
sensor, nT . . . .« =« 0 to +£100 0 to +256
0 to +50
Resolution, 0T . . . & +1.0, $0.5 1.0
Prequency
response, Hz . . . . dc to C.C1

Angular response

Sensor geometry

Analog zero
determination

Battery characteristics

PoWwer, W . . .
Weight, kg . .
Size, con . . .

Operating
temperature,

K

Cosin2 of angle
between field
and senscr

3 orthogonal

Sensors in
é-cm cute

1800 flip of
sensor

4.58

56 by 15 by 14

203,15 to 333.15

dc to 0.05

Cosine of angle
between field
and sensor

3 orthogonal

Sensors in
6-cm cube

180° flip of
sensor

1.5
4.6

56 by 15 by 14

273.15 to 323.15
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TABLE 7-I1.- SUMMARY OF ALL

LPH DATA

Pield Nagnetic field components, nT
Site Coordinates, deg magnitude,
n?T op East North
Apollo 16
ALSEP site, LSNM 8.9 5, 15,5 € 234 ¢ 3 -181 ¢ 3 -57 3 136 ¢ 2
Site 2, LPA 189 ¢+ 5 -189 ¢ &4 3 6 10 = 3
Site 5, LPHM 112 ¢ 5 100 2 S -5 4 -40 ¢ 3
Site 13, LpPA 327 ¢ 17 -159 ¢ 6 -190 8 -218 ¢ 6
LRY final site, LPR 113 ¢ & -66 ¢ 8 -76 [ 52 ¢ 2
Apollo 15
ALSEP site, LSH 26.1 W, 3.7 2 3.4 ¢ 2.9 3.3 ¢ 1.5 0.9 2.0 -0.2 ¢ 1.5
Apollo 14
Site A, LPH 3.75,17.5% 03¢5 -93 ¢t & 38 25 -24 ¢ S
Site C', LPA 43 ¢ 6 -15 ¢ & -36 5 -19 ¢t 8
Apollo 12
ALSEP site, LSH 3.2 5, 23.4 % 38 2 2 -25.8 ¢ 1.0 |11.9 0.9]~-25.8 ¢+ 0.8

TPt = K 4=
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Figure 7-1.- Apollo 14 LPM on the lunar surface.
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Fiqure 7-2.- Apollo 1A LPM on the lunar sur€ace.
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8. SOLAR-WIND SPECTROMETER

The Jet Propulsion Laboratory (JPL) solar-wind spectrometer
(SWS) units are part of the Apollo lunar surface experiments
packages operating at the Apollo 12 and 15 landing sites. The
data are now available from the National Space Science Data Center
(NSSDC) in several forms. Plots are available of hourly average
values for solar-wind bulk speed, direction, proton density, ther-
mal speed, and alpha particle to proton ratio. Positive-ion data
are available on magnetic tape, both in the form of hourlyv averages
and as unaveraged individual measurements. Plots of unaveraged
data and electron data are not available from NSSDC; requests for
this information should be directed to the experimenters.

INSTRUMENT DESCRIPTION

The basic sensor in the SWS is a Faraday cup that measures
the charged-particle flux entering the cup. By collecting these
ions and using a sensitive current amplifier, the resultant cur-
rent flow is determined. Energ’ spectra of positively and nega-
tively charged particles are obtained by applying fixed sequences
of square-wave ac retarding potentials to a modulator grid and
measuring the resulting changes in current. Similar detectors
have been flown on a variety of space probes (ref. 8-1). Further
descriptions of the SWS experiments are given in references 8-2
and 8-3.

To be sensitive to solar-wind plasma from any direction
(above the horizon of the Moon) and to ascertain the solar-wind
angular distribution, the SWS has an array of seven cups. Because
the cups are identical, an isotropic particle flux would produce
equal currents in each cup. If the flux is not isnatropic but
appears in more than one cup, analysis of the relative amounts of
current in the collectors can provide information on the direction
of plasma flow and its anisotropy. The central cup faces verti-
cally, and the remaining six cups symmetrically surround the cen-
tral cup (fig. 8-1), each facing 60° off vertical. The combined
acceptance cones of all cups cover most of the upward hemisphere.
Each cup has a circular opening, five circular grids, and a cir-
cular collector (fig. 8-2). The functions of the grid structures
are to apply an ac modulating field to incoming particles and to
screen the modulating field from the inputs to the sensitive pre-
amplifiers. The entrance apertures of the cups wer~ protected
from damage or dust by covers that remained in place until after

8-3




the departure of the lunar module. The angular sensitivity of the
Faraday cup sensor to collimated ion beams has been measured by
laboratory plasma calibration. The result, averaged over all
seven cups, is shown in figure 8-3 and, for positive ions, agrees
quite well with the measured optical transparency.

The electronics package for the SWS is in a temperature-
controlled container that hangs below the sensor assembly. The
electronics package includes power supplies, a digital programer
that controls the voltages in the sensors as required, current-
measuring circuitry, and data-conditioning circuits.

On the Moon, the SWS is hung from a pair of knife edges so
that it is free to swing about an east-west horizontal axis and,
hence, is self-leveling in one dimension. Rotations about the
north-south axis and the vertical axis are determined from shadow
patterns on photographs and, for Apollo 12, from the effect of
sunlight on a sensor.

INSTRUMENT SITE, OPERATION, AND DATA COVERAGE

The Apollo 12 SWS is located at latitude 3° S and longitude
23° W on the lunar surface; the Apollo 15 SWS, at latitude 26° N
and longitude 4° E. Orientations of the instruments at the local
sites are detevmined from photographs of instrument shadow pat-
terns. The Apollo 12 orientation is known within 0.5° and the
Apollo 15 orientation within 1.5°.

Data coverage for the Apollo 12 SWS began on day 323 of 1969;
the instrument is still operational. The Apollo 15 SWS began oper-
atiovns on day 212 of 1971 and failed on day 182 of 1972. Data
coverage was essentially complete during these periods, but the
data supplied to NSSDC exclude times during lunar night when no
currents were measurable.

DATA ACQUISITION SEQUENCE

The SWS operates in an invariable sequence in which a complete
set of plasma measurements is made every 28.1 sec. The sequence
consists of 14 energy steps spaced by a factor of v2 for positive
ions and 7 energy steps spaced by a factor of 2 for electrons.
Numerous internal calibrations are provided, and every critical
voltage is read out at intervals of 7.5 min or less.

In the reduced data records and the analyzed data supplied to
the NSSDC, this data acquisition sequence does not appear, because
only a small fraction of the readings in the 186-measurement

8-4
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sequence represents meaningful data at any given time. For most
purposes of data analysis, the details of this sequence are
irrelevant; however, they do become important when the precise
time of a particular measurement is of interest. The following
partial description of the sequence will enable the determination :
of the time of a measurement to a precision of approximately 1 sec. X

The sequence begins with the positive-ion measurements, the
energy steps proceeding from the lowest to the highest. At each
step, eight measurements are made. The first is the sum of the
currents in all seven cups; then, the seven cups are sampled in
sequence. There are 112 measurements in the positive-ion
subsequence, followed by 16 calibration measurements and a
56-measurement electron subsequence. The sequence ends with two
data words that provide a sequence counter. In ground data proc- ke
essing, each sequence is tagged with a time corresponding to the ¥
Earth receipt time of the end of the last data word in the se- f ’
quence. Application of a light-transit-time correction provides

-
P

the time at which the sequence terminated on the Moon. In the 3
reduced data records, the time is rounded off to the nearest 4
whole second. . %

The time at which the measurement of the plasma properties
was actually made can be inferred as follows. Using the calibra- ;
tion data presented in table 8-I and knowing the gain state of .
the instrument, one can determine the proton bulk velocity, which i

will indicate the energy step that provided the largest current g z
readings. (If the plasma was incident at a large angle from the ? E
cup, a correction by the cosine of the incidence angle will be ‘ Y
necessary.) Then, knowing which cup or cups and which energy step ? ;

or steps were involved in the measurement, one can obtain the
measurement time by subtracting from the sequence-end time the
time-difference function At.

At = 28,13 - 0.15094 x (STEP x 8 + CUP) (8-1)
where . ;
STEP = 1, 2, ... 14, which is obtained from VEL (solar-wind | i
proton velocity) and gain in table 8-I ; :
CUP = all 1, 2, ... 7 cups obtained from KUPA and CUR7/CURA L
(See definitions in the section entitled "Descrip- | i
tion of Variables on Tape.") ! N
i 5
gain = low or high, depending on bit 30 of FLAG (table 8~-II) i %
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DATA ANALYSIS

For each proton spectrum, the cup with the greatest total
current was found. The currents in the individual energy channels
were then least-squares fit to the data model. This model assumed
a convected Maxwell-Boltzmann proton distribution with unknown
parameters — bulk velocity, most probable thermal speed, and den-
sity. An alpha-particle distribution with the same velocity and
thermal speed as protons was assumed with the alpha-particle den-
sity unknown. For these preliminary estimates, the velocity vec-
tor was assumed to be perpendicular to the collector plate.
Because of the relatively broad energy channels, it was difficult
to distinguish between alpha particles and energetic protons when
the ratio of most probable thermal speed to proton speed was
greater than 0.25. Thus, a jump in alpha-particle/proton ratio
across a shock might be estimated. The broad channels also pre-
vented accurate measurement of thermal speeds less than 10 percent
of the bulk speed.

The estimates as described in the preceding paragraph are
uncorrected for angular direction of the plasma. Angles were
estimated from examination of current in other cups as described
later in this section. After the angle between the plasma beam
and the cup axis was determined, corrections were made to all
parameters to account for the angular response of the Faraday cup
and for aberration effects.

Several definitions are required as a preliminary to the de-
scription of the angular analysis. All cups except cup 7 (the
vertical cup) are side cups. The side cup with the qreatest cur-
rent (summed over all channels) is called cup A. Th~ adjacent cup
in the counterclockwise direction from cup A (as viewed from above)
is cup B; the adjacent clockwise cup is cup C. A noise level based
on fluctuations in zero-level currents was chosen. If cup 7,
cup A, and cup B or cup C are above noise, the solar-wind direction
is determined; otherwise, assumptions are required.

The angle between the plasma and the normal to cup 7 is de-
fined as 8. The plasma direction projected downward onto the
instrument and measured clockwise from a line between cups 1 and 7
is defined as bheing the azimuthal angle a (fig. 8-4). If no
current above noise is measured in cup 7, the § angle is as-
sumed to be a radial flow of the solar wind from the Sun.

If this assumption, however, implies that current should be meas-
ured in cup 7, the assumed angle is limited to increasingly larger
angles until the predicted current in cup 7 decreases to the noise
level value. Similarly, no current in cup A leads to assuming B
or limiting B8 to smaller values.

The o angle is similarly predicted, measured, or limited.
If current is available only in cup A, then the o angle for

8-6 ~
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radial flow from the Sun is assumed. If this condition requires
currents above noise in cup B or C, the assumed o angle is
limited closer to the cup A direction. If currents in cup B or C
are available, the a angle is measured directly. After angles
were determined, conversion was made to solar ecliptic coordinates
taking into account the known orientations of the instruments;
that is, the direction of the bulk velocity is given by DELE and ,
DELNE, the angle in the ecliptic and the angle north of the eclip- p
tic, respectively.

DESCRIPTION OF VARIABLES ON TAPE

The variables providea on the data tapes are listed here with .
a brief definition. (Refer also to the discussion of variables in f
the preceding section.) ’

Symbol Description é !

DP Proton density, protons/cm3 { a
AP Ratio of alpha-particle density ‘
to proton density i
VEL Solar-wind proton velocity, i
km/sec .
THERMV Most probable thermal velocity, ;
km/sec
Thus, the fitted proton distribution function fp is
- DP (Vv - VELR) >
£ (v) = ———3 € - 5 (8-2)
P THERMV V7 THERMV

where n is a unit vector in the solar-wind direction and Vv is
the velocity vector for distribution of protons.

DELE: East-west angle in solar. ecliptic coordinates expressed
in degrees; no correction has been made for aberration due to or- ,
bital velocity. A positive value means a plasma velocity component f
directed opposite to the orbital motion of the Earth; that is, an
average +5° due to aberration is typical.

DELNE: North-south angle in solar ecliptic coordinates ex-
pressed in degrees. This number is positive if the plasma velocity
has a northward component (i.e., positive values for flow coming
from south of the ecliptic).

8-7
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FLAG: The code FLAG is a 36-bit word, the definition of
which is given in table 8~II. Bits are numbered 0 to 35 with
bit 0 being the high-order bit. Most of these bits will be of no
interest to the users of the data; exceptions to this rule are
explained here. Bits 15 and 16 are IA, which has values from 0 to
3; bits 17 and 18 are IB; bit 19 is IDISCP. The code IA is the
angle code indicatiig how the angle o was derived, as explained
in the previous section. If IA is 0, « is measured. If IA is
1, a is assumed. If IA is 2, a 1is limited. If IA is 3, then
IB is also 3 and the cup observing the protons is too far from the
Sun direction to be plausible. Similarly, IB is the angle code
for the B8 angle. If IB is 0, B8 1is measured, and so on. An
IDISCP of 1 indicates that a side cup not adjacent to cup A had
current above noise and greater than the current in cup B or
cup C. Bit 30 indicates the instrument gain level that determines
the value of the energy steps; 0 is low gain, 1 is high gain.

Symbol Descrig}:ion1
RMS Percentage error in current-

fitting program

KUPA Cup with the largest current
excluding cup 7

CURA Current in picoamperes in cup A

CURB Current in picoamperes in cup B

CURC Current in picoamperes in cup C

CUR?7 Current in picoamneres in cup 7

FACTD: Correction factor for Maxwell-Boltzmann least-squares
estimates of density to account for decrease in transparency of
cup with increasing angle of plasma beam from cup normal; typical
values range between 1.2 and 3.5.

PD: The code PD is a product of the preliminary density
estimate and the correction factor. The value of VEL is similarly
corrected for the cosine of the angle between the plasma beam and
the cup normal.

XNOISE: Noise level in picoamperes used in estimating angles.

1For definitions of cup designations A, B, and C, see the
section entitled "Data Aralysis."
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FORMAT OF FULL-TIME-RESOLUTION DATA TAPES

The parameters resulting from analysis of each plasma spec-
trum (each 28 sec) are written onto full-time-resolution data
tapes. Several months of data are placed on each digital magnetic
tape. These tapes are written in BCD format on seven tracks, at
315 characters/cm (800 characters/in.) and even parity.

All physical records contain 384 words, which are blocked
from 32 logical records of 12 words each. There are four types of
logical records: plasma data for one spectrum, label information,
pseudo end of file (EOF), and f£ill data.

The plasma data have the following format for each logical
record. There are 72 BCD characters in the 12 words.

Charactcc Parameter

1 to 6 Not significant (used by input/
output of specific ccmputer)

7 Blank

8 to 16 TIME, DDDHHMMSS

17 to 20 DP*10

21 and 22 AP*100

23 to 26 VEL

27 to 29 THERMV

30 to 33 DELE*10

34 to 37 DELNE*10

38 to 49 FLAG

50 and 51 RMS

52 KUPA

53 to 56 CURA

57 to 59 CURB

60 to 62 CURC

63 to 66 CUR?

8-9
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Character Parameter ’
67 to 69 FACTD*100
70 to 72 XNOISE*10

The nine characters of TIME have the day:hour:minute:second
of the year at the end of spectrum measurement in the form of i
"DDDHHMMSS." The first day of the year is day 1. The 12 charac-
ters of FLAG are an octal representation of the 36-bit word.

One can use FORTRAN format controlled READ, and the following
example could be successfully used.

READ (Unit, 10) ITIM, DP, AP, VEL, THERMV, DELE, DELNE,
*FLAG, RMS, KUPA, CURA, CURB, CURC, CUR7, FACTD, XNOISE
10 FORNAT (6x, 1x, 19' Fuo1' Fz.z, Fuco' F300' 2Fu01' ﬂ12,

*r2.0, 11, F4.0, 2F3.0, F4.0, F3.2, F3.1)

The format-supplied decimal points reduce the appropriate variables
by factors of 10 to yield correct values.

The label records are used to identify the information con-
tained on the tape and can be ignored by the general user. The
first logical record will always be a lakel and may be followed by
other label records. Each label record has the same format as + =
plasma data with certain parameters redefined. Label records .re
identifiable by the illegal time of DDDHHMMSS = 000999999. For
this record, DP*10 is the spacecraft number (12 indicates
Apollo 12 instrument and 15 indicates Apollo 15), AP*100 is the
year for the first data (e.g., 70 indicates year 1970), VEL is the
starting day for processing, THERMV is the starting hour of proc-
essing, DELE*10 is the last day of processing, and DELNE*10 is the
last hour of processing.

The pseudo-~EOF record is a logical record with the illegal
time of DDDHHMMSS = 499000000. All 15 remaining variables contain
fill data. This record always follows the last plasma data and
precedes the two hardware-produced EOF marks on the tape.

Fill data may be used at any time, but its primary use is to
complete the end block. Fill data has the iliegal time of +0, -0,
or all blanks. All other 15 variables also contain values of +0,
-0, or blanks.
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FORMAT OF DATA TAPES OF HOURLY AVERAGES

The averaged values of parameters from analysis of plasma
spectra are placed on a digital magnetic tape. This tape is
written in BCD format on seven tracks, at 315 characters/cm
(800 characters/in.) and even parity. The averaged values are the
result of combining indiv‘dual spectral results into hourly
averages.

Four sets of criteria are used to determine which spectra to
combine. The first set allcws all spectra in which results from
analysis give an answer. The average values of six basic param-
eters (proton density, alpha-particle/proton ratio, plasma veloc-
ity, plasma thermal speed, and plasma angle from the direction of
the Sun in and out of the ecliptic plane), their six rms devia-
tions, and the number of spectra are included.

The second set of hourly averages is similar to the first
except that each spectrum has keen screened to pass the require-
ments of small rms error on curve fitting (rms < 20) and that
thermal speed be less than one-half the bulk velocity. This set
is a subset of set one.

The third set is a subset of set two and has the further re-
guirement that one, and only one, of the angles be measured (as
compared to being merely coisistent with assumed solar plasma
direction).

The fourth set is also a subset of set two and has the re-
guirement that both angles are measured. This set is quite small
for Apollo 12 data and is disjoint with subset three.

The hourly average tape has two loygical records of 18 words
for each hour of data analyzed and is blocked two logical records
per physical record of 36 words. There are two types of records:
data and pseudo-EOF. Data records have the following format for
the 108 BCD characters of eczh logical record.

Logical Recc.:d One

Character Parameter Comments

l to & Not significant Input/output control for
computer used

7 Blank -

8 and 9 IscC Spacecraft number

10 and 11 IYR Year

8-11



—

Charecter Parameter Comments w~

12 to 13 TIME pDay:hr:min, DDDHHMM /

19 to 21 NS1 Number of spectra 'n average
set one

22 to 25 DP1F¥10 10 times average proton density, ‘
protons/cm3

) 26 and 27 AP'*100 100 times alpha-particle/proton

density ratic

28 to 31 VEL1' Velocity of protons, km/sec

32 to 34 THV1 Thermal velocity, km/sec

37 to 38 DE1*10 10 times DELE, deg

39 to 42 DNE1*10 10 times DELNE, deg

43 to 46 DDP1*10 10 times rms deviation of DP1

47 and 48 DAP1 rms deviation of AP1*100

49 to 52 DVEL1 rms deviation of VEL1

53 to 55 DTHV1 rms deviation of THV1

56 to 59 DDE1*10 10 times rms deviation of DE1

60 to 63 DDNE1*10 10 times rms deviation of DNE1

64 to 108 Same 13 variables --

for average set 2 i

Logical Record Two

Character Parameter Comments

1 to " Not significant Used for input/output control
7 Blank --

8 to 14 Blank --

19 to 63 Same 13 variables --

for average set 3

64 to 108 Same 13 variables -
for average set 4

TY OF THE
EPRODUCIBILITY OF
812 GRIGINAL PAGE IS POOR




If one uses format control for reading each logical record, a
FORTRAN READ statement to place data into ISC (spacecraft), IYR
(vear), ITIM (time = DDDHHMM), NS(4) (number of spectra in each of
four averages), and AVE(2,6,4) (average values of parameter, its
rms deviation for six variables and for four average sets) is

READ (UNIT,10) ISC, IYR, ITIM, (NS(K), ((AVE(I,J,K),J=1,6),
* I =1,2),K=1,4)
10 FORMAT (6X, 11X, 212, 17, 2(13, 2{(F4.1, F2.2, F4.0, F3.0,

* 2F4.1)), 66X, 12X, 2(I3, 2(F4.1, ¥2.2, F4.0, F3.0, 2F4.1)))

The format-supplied decimal point reduces the appropriate varia-
bles by factors of 10 to yield correct values.

The last physical record has the same format bhut is a pseudo-
EOF and has the illegal time of DDDHHMM = 4990000. The variables
ISC and IYR are the same as for data, but all 52 variables that
follow have fill data of blanks. Two hardware EOF marks follow
the pseudo-EOQF.

FORMAT OF PLOTS

Plots provided to NSSDC show hourly averages of selected data
(the second set of data described in the section on hourly average
data tapes). Proton velocity is expressed in kilometers per sec-
ond. The most probable thermal spesed v = »’ZkT/mp is expressed

in kilometers pe>r second (where k 1is the Boltzmann constant, T
is temperature Kelvin, and mp is the mass of proton). Density

is measured in protons per cubic centimeter. The angles DELE and
DELNE are discussed in the section entitled "Description of Vvari-
ables on Tape" and are measured in degrees. The alpha-particle/
proton ratio is the ratio of alpha-particle number density to
proton number density. January 1 is day 1. Figure B8-5 is a sam-
ple plot illustrating the available information.

USE OF DATA

Users should reject all fitted parameters for which rms = 99,
IA =3, or DP = 0.0. A somewhat stronger set of criteria for re-
jecting bad data is rms > 20, IA = 3, IDISCP = 1, THERMV > 1/2 VP,
or DP = 0.0.
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Changes in assumptions involving angles can cause unrealistic
discontinuities in plasma direction, speed, and density. The user /
is advised to study the section on data analysis. The variables
FACTD, CURA, CURB, CURC, CUR7, and XNOISE are provided to allow
the user to remove the effects of changes in estimated angle if
he so desires.

A final warning is that plasma velocities and densities meas-
ured at the Apollo 12 site are often perturbed from solar-wind
values. Velocity decreases of 50 km/sec and density increases of
30 percent due to the 38 y (38 nT) field at the Apollo 12 site
have been observed. This topic is discussed in reference 8-4. At
present, there is no indication that plasma parameters at the
Apollo 15 site differ significantly from the values in the unper-
turbed solar wind.

DATA AVAILABILITY ‘

The data described in tais section, together with the appro- ;
priate documentation, are available from NSSDC.
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TABLE 8-I.- AMPLITUDE AND WIDTH OF SWS ENERGY STEPS

IN TERMS OF PROTON VELOCITY FOR NORMAL INCIDENCE

[Velocities expressed in km/sec]

Low gain High gain
Step Mean Width Mean Width Step
Apollo 12 SWS ’
1 62 20 112 21 1
2 91 18 143 25 2
3 120 22 175 30 3
4 156 28 216 37 4
5 191 32 259 43 5
6 235 40 314 53 6
7 285 48 377 62 7
8 337 57 Lie 74 8
9 400 67 527 87 9
10 4so 79 629 104 10
1 569 92 744 122 11
12 682 114 893 149 12
13 807 132 1055 172 13
14 968 157 1266 206 14
Apollo 15 SWS

1 66 13 105 20 1
2 90 17 135 25 2
3 120 20 169 28 3
4 151 26 208 35 4
5 188 31 252 42 5
6 230 38 305 51 6
7 280 46 370 60 7
8 333 55 439 71 8
9 395 64 519 83 9
10 k69 77 616 103 10
1 557 91 730 119 11
12 666 109 874 144 12
13 791 130 1039 170 13
14 946 154 1235 218 14




TABLE 8-II.- SIGNIFICANCE OF FLAG WORD

Bit Values Significance
0 0 Unused
1 0 Unused
2 0,1 1 = no current detectable
3 0 Unused
4 0,1 1 = peak current too small to determine spectrum
5 0,1 1 = peak current in cup not near the Sun
6,7 0,1,2,3 Number of cups with measurable current (0 = 4 cups)
8 0,1 1 = no proton analysis (see other bits for reason)
9 0,1 1 = spurious negative currents at low energies
10 0,1 1 = spectrum too broad (hot) for meaningful
analysis
11 0,1 1 = current in analyzed cup marginally small
(<7 pa)
12 0,1 1 = rms fit worse than 25 percent
13 0,1 1 = peak current in lowest or highest energy level
14 0,1 1 = proton energy levels 13 and 14 unused
15,16 0,1,2,3 Angle code for o (see text)
17,18 0,1,2,3 Angle code for B (see text)
19 0,1 1 = discrepancy in cup currents (IDISCP)
20 0,1 1 = rms fit worse than 60 percent
21 0,1 1 = pickup current from modulator higher than
normal
22 0,1 1 = value of DELE or DELNE > 30
23 0,1 1 = electrometer zero level shifted by >0.8 pA
24 0,1 1 = no electron data for this time
25 0,1 1 = electron currents marginally small
26 0 Unused
217 0 Unused
28 0 Unused
29 0 Time dubbed (error up to several seconds)
30 0,1 0 = low gain, 1 = high gain
31 0,1 No proton data for this time
32 0,1 No proton data for this time (bit errors)
33 0,1 1 = no electron data for this time
34 0,1 1 = no electron data for this time (bit errors)
35 0 Unused
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Figure 8-1.- Orientation of Apollo 12 SWS on the lunar surface.
The Apollo 15 SWS is rotated 180°,
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Figure 8-2.- Faraday cup sensor.
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Figure 8-3.- Angular response of the Faraday cup.
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Figure 8~4.- Illustration of the o« and B8 angles.
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9. SUPRATHERMAL ION DETECTOR EXPERIMENT
(NASA EXPERIMENT S5-036)

NSSDC IDENTIFICATION NUMBERS:

APOLLO 12 69-009C-0C5
APCLLO 14 71-0C8C-C6
APCLILO 15 71-063C-05

-+
Y
N

&

L
N\,

X
Y

.‘v ‘
LA
- ki‘\‘-“f.
[ e 1O

1

9-1 ORIGINAL T

‘»-
A\

LN
‘zﬂ..‘

O L T R

[Ny PPt S

AN

!

PREF 3



oAy T

CONTENTS - SECTION 9

DESCRIPTION . . . . .
OPERATIONAL HISTORY .
Apollo 12 SIDF . .
Apollo 14 SIDE . .

Apollo 15 SIDE . .

DATA SETS AND AVAILABILITY THROUGH NSSDC . .

DESCRIPTION OF NSSDC DATA TAPES . « « ¢ o & &

DISCUSSION . . . . .

The Lunar Ionosphere

The Electric Potential of

The Lunar Nightside

Bow Shock Protons . . . .

Magnetosheath . . .

Magnetotail . . . .

.

. L) . L] L] L] L]

Lunar Surface

Solar Wind/Neutral Gas Cloud Interactions .

Rocket Exhaust Products .

Synoptic and Secular Studies and

Transient Events

Penetrating Solar Particles

Future Resear - a . .

SUMMARY OF PRINCIPAL RESULTS

REFERENCES . . . . .

BIBLIOGRAPHY . . . .

L L] . . - L] L[]

Page

9-13
9-13
9-14
9-15
9-17
9-19

e Tom C o B
-

R e KA < oo



9. SUPRATHERMAL ION DETECTOR EXPERIMENT

The suprathermal iorn detector experiment (SIDE) was
designed to achieve the following objectives: (1) provide
information on *he energy and mass spectra of the positive
ions close to the lunar surface (the lunar excsphere), (2)
measure the flux and energy spectra of positive ions in the
magnetotail and magnetosheath during the periods when *he
Moon passes through the magnetic tail of the Earth, (3)
provide data on the plasma interaction between the solar
wind and the Moon, and (4) determine a preliminary value for
the electric potential of the lunar surface.

LESCKIPTION

Three SIDE instruments were deployed ({at the Apollo 12,
14, and 15 sites). The SIDE consists of two positive-ion
detectors, the mass analyzer (MA) and the total ion detector
(TIP). Both use curved plate analyzers for energy per uait
charge discrimination. The MA also uses a Wien velocity
filter (crossed electric and magnetic fields), because
knowledge of the energy per unit charge and the velocity is
sufficient *o allow determination of the mass per unit
charge. The MA measucres a 20-chantel mass spectrum at each
of six energy levels: 48.6, 16.2, 5.4, 1.3, C.6, and 0.2
eV, The mass ranges covered are approximately 10 to 1000
atomic mass units per charge (amu/Q) for the Apollo 12 unit,
6 to 750 amu/Q for Apollo 14, and 1 to 90 amu/Q for Apollo
15. While each mass spectrum is being observed by the MA,
the TID measures a 27-channel differential energy spectrunm
(including all masses) from 3500 eV/Q dovn to 10 eV/Q. Each
20-channel spectrum is obtained in 24 sec.

Each detector has a field of view that is roughly a
square solid angle, 6 on a side. Numerous commands are
possible, some of which allow certain measurements to be
omitted to devote amore time to other measurements. To
establish electrical reference to thc lunar surface, a wire
screen (the lunar-surface ground plane in figure 9-1) is
deployed on the surface beneath the S1DE. This screen is
connected to the SIDF c¢round through a power supply that can
cycle through 24 steps from -27.6 to +#27.6 V. Tho effects
of stepping this voltage through its cycle can be used in
certain circumstances to determine the lunar-surface
potential. A schematic diagram of the SIDE instrument is
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shown in figure 9-1, a cutaway view of t.e SIDE in figure
9-2, and the SIDE as deployed at the Apollo 12 and 14 sites
in figure 9-3.

The look direc+*ion of each instrument was anyled 159
east (Apollo 14 and 15) or west (Apolln 12) from the lccal
meridian plane. The Apollo 15 instrument (at latitude 26°
N) was deployed +tilted 26° from vertical toward the south,
so that the sensor look directions of all three instruments
included the ecliptic plane (fig. 9-4).

OPERATIONAL .ISTORY

This section summarizes the time periods when the
instruments were i. full operation and returning science
data. Periods when only housekeeping data were returned are
not included. The design aoal was full operction
continuously after an initial perind to allow ior outgassing
during the lunar daytime. Summaries of SIDE operation for
Apollo 12, 14, and 15 are as follows.

Apollo 12 SIDE

November 19 and 20, 1969 Deployment anc operation
during mission activities.

December 1969 to January 1970 Operation ducing lunar nignt
(and a short time before

and after).

February 1970 to August 1972 Operation during lunar naight,
plus cyclic operation for
approximately 10 days
centered on local noon.
Cyclic operation involves
2 hr on and 190 hr, cr wmore,
off. More coverage was
obtained during con*inuous
real-time support of Apolle
lunar surface experiments
package (ALSEP) missicns
(i.e., the first 45 days of
the mission).

9-4
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September 1972 to January 1976 Operation as for preceding
- perivd but with inte:smit-

tent loss of data during
lunar night (for periods
of minutes to periods of
many days) during the
months of September, Nov-
ember, and December 1972,
and during January, June,
and August 1973, also other

periods.
ganuary 1967 to date of this Operation as for preceding
publication period, except not operated

from approximately midnight
until sunrise, because of
low ALSEP reserve power.

Apollo 14 SIDE

reriod Description

Febraary 5 to 7, 1971 Deployment and operation
during mission activities.

February 197" to July 1971 Operation during the nigat
and part of th~ day .ut
off for approviucat«ly 8
days centered on nouon.

August 1971 to .ctober 1971 Operation as for preceding
period, plus short cycles of
operation periodically for
approximately 8 days near
noon.

November 1971 to March 1973 Continuous operation.

April 1973 to December 14, 1974 Operation during the night
from approximately 1 day
before sunset until sunrise.
No useful data after
December 14, 1974,

ipollo 15 SIDE

; Period Description

July 3° to Auagust 3, 1971 Deployment aud operation
during mission activituies.
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August 1971 to September 1971

October 1971 to November 1971

December 1971 *o April 1972

May 1972 to September 1973

October 1973 to date
of this publication

Operation except during
approximately 10 days
centared on local noon. /

Operation as for preceding
period, plus short intervals
of operation intermit-
tently for approximately

4 to 7 days near noon.

Operation except during 3 to
5 days centered on local
noon.

Continuous operation.

Continuous operation except
3 to 5 days at local noon,
when operated for short
intervals.

DATA SETS AND AVAILARILITY THROUGH NSSDC

The following list gives the SIDE data sets, their
form, and their availability ‘hrough the National Space

Science Data Center (NSSDC).

Data_set Form Availability
1. Machine plots (MA 16-mm micro- Data for times after
and TID on same film about August 1972

plot) of count-
ing rates as a
function of
frame number

to September 1974
are (or soon will
be) available at
NSSDC. Data for
times frem about
June 1971 to Aug-
ust 1972 will be
available at NSSDC
after production
of copies; otherwise,
only available at
Rice University.
Data not available
in this form after
September 1974.

2. Listings of count- 16-nm micro- Same as preceding

ing rates as a film
function of

9

-6

set.




frame number,
with limited
amount of house-
keeping da*a

Machine plots
(three-
dimensional)
of TID averag=s
energy spectra
as a function
of time. One

lunation per plot.

Machine plots
(three-
dimensional)
of MA average
mass spectra
as a function
of time. One

lunation per plot.

TID spectra as a
function of
time

MA spectra as a
function of
time

Engineering
parameters

TID and MA data,
including every-
thing telem-
etered from
SIDE, plus eval-
uations of data
quality and in-
strument mode

of operation.
Called "NEFAK"

by Rice Uni-
versity.

76 by 91

(39 by 36 in.)

paper

cm

76 by 91 cm

(3¢ by 36 in.)

paper

Digital,

° magnetic

Digital,
magnetic

Digital,
magnetic

Digital,
magretic

9-7
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tape

on
tape

on

tape

on
tape
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All data will event-
ually be available
at NSSDC.

Same as preceding
set.

Data for times
through April 1973
are available at
NSSDC.

Same as preceding
set.

Data for times

from about June

1971 to September 1974
will be available at
NSSDC.

Data availabie only
at Rice University.
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DESCRIPTION OF NSSDC DATA TAPES

Data tapes are standard 731.5-m (2400 ft), 1.27-cm (0.5
in.), 7-track IBM-compatible tapes, recorded at 8C0 bpi with
odd parity. Words are 24-bit binary integers with negative
nuasbers represented as 2's complement; with 28 such words
per logical record (for both MA and 7iID). Physical records
are fixed-length, blocked, with 10C logical records per
physical record, and with no record-lerngth descriptors or
control words. Ther2 1is only one file per reel, containing
1850 physical records. A standard tapemark is written after
the last physical record. The last reel of a calendar
year's data is the only one that will have less than 1850
records and the only one that will have less than 100
logical records in its last physical record. The TID and MA
data are written on separate tapes but have almost identical
formats; the first word in the logical record allows them to
be distinguished from each other. rhe 28 words in a logical
record contain time, 20 channels (mass for MA, energy for
TID) of accumulated counts, and housekeeping parameters
(including energy for the MA data). Where reliable data are
not available, the value -1 is inserted.

DISCUSSION

The Lunar Ionosphere

Because the lunar inonospere is promptly accelerated by
the solar-wind electric field, the majority of SIDE data on
the ionosphere come from the terminator regions. Here the
orientatior between the electric field and the detector
"look axes"™ is such that the ions can be accelerated into
the SIDE field of view. The observed fluxes of ions in the
mass range of approximately 20 amu/Q (prokably neon) are
highly variable, depending on solar-wind magnetic field
conditions and local time. Typical values for the stronger
events are approximately 105 ions/cm2/sec in the energy
range 10 to 3500 eV. Assuming accepted values for the
ultraviolet and charge exchange ionization rates leads to
neon neutral number densities of 5 x 104 to 5 x 10S
atoms/cm. Although the investigators have observed events
in which ions in the mass 40 amu/Q range vere represented,
these events are not as clean, and the investigators are not
able to quote fluxes and number densities for argon ions and
atoms.

A particularly interesting feature of the terminator

ion data is the ion energy spectrum itself. This spectrunm
has proven to be guile tractable and illuminating. Several
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examples are given in reference 9-1., The differential
energy spectrum is exponential above the main peak because
of the exponential nature of the lunar atmosphere and the
homogeneous solar-wind electric field. The e-foldiayg energy
gives the product of the neutral gas scale height and the
solar-wind electric field strength. Because the scale
height is determined independently, this provides direct
measure of *he solar-wind electric field. The peak energy
is an approximate measure of the lunar-surface electric
potential that is found to be negative near the terminato:.
The shape of the dip in the spectrum balow the peak energy
indicates the rate at which the lunar-surface electric field
falls off with height. Fits to an exponential function
indicate an e-folding height of several kilometers, a much
larger distance than the free streaming solar-wind Debye
length of several meters. These spectra provide a great
deal of information on the electric field environment of the
Moon as well as the ion environment.

When the solar-wind electric field is not oriented such
as to accelerate ions into the SIDE at the terminator, ion
fluxes are sometimes still observed. These fluxes are due
to atmospheric ions accelerated toward the lunar surface by
the lunar-surface electric field alone. The differential
energy spectrum of these ions (fig. 4 of ref. 9-1) is very
narrow and in fact rarely seen in more than one SIDE energy
channel. Because the spectrum is so narrow, it is not
mathematically tractable except to calculate that “he peak
energy is a direct measure of the local electric potential
of the lunar surface, usually between -10 and -10C V in the
terminator region.

The SIDE's also detect the lunar ionosphere .n the
dayside of the Moon. 1In this case, the accelerauv.ing
electric field is provided by the SIDE itself. | stepped
voltage csupply provides a potential difference between the
ground plane grid and the ion entrance aperture. When the
aperture is negative relative to the lunar surface, ions can
be azcelerated into the detectors. This mode of operation
is used to determine the dayside lunar-surface potential
that is due to photoelectrons (ref. 9-2). It also provides
a measure of the ion number density at the surface. This
numher is found to lie between 1 and 7 ions/cm in the solar
wind or magnetosheath plasma. As expected, this ion number
density does not exceed that of the solar wind.

The Electric Potential of the Lunar Surface
As indicated previously, the surface potential in

sunlight is determined by the ennrgy spectrum of ions
acceierated by the ground plane stepper supply. Because
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this electric field extends about 1 Debye length or less
from the SIDE, it provides a measure of the lunar potential
relative only *o the immediate surrounding plasma (i.e., the
surface potential that is due chiefly to tle
photoelectrons). This potential is found to be about +10 V
from solar zenith angles o€ 0° to about 45°. Beyond 459,
the potential falls rapidly to values as low as -100 V near
the termirator. The lunar-surface potential is not
symmetric with regard *o positive and negative zenith
angles. At about +50°, the potential rises abruptly to
about +18 volts. No equivalent peak is observed at negative
angles. As shown by the CPLEE data (ref. 9-3), the
potential of the lunar surface on the dayside relative to
the solar wind may be considerably higher in regions where
there exists a substantial surface magnetic field. Further
details of the surface potential is available in reference
9-4.

The Lunar Nightside

Ions in the energy range 250 to 1500 eV are observed on
the nightside of the Moon. These icas may be observed
throughout almost the entire lunar night, but activity
increases in the period 1 to 6 days before local sunrise and
has a strong peak 2 to 3 days before sunrise as noted with
the Apollo 14 and 15 SIDE's. The Apollo 12 SIDE shows an
equivalent activity following sunset.

The ion energies zre generally less than solar-wind
energies. The spectra vary from mono-energetic at 250 to
500 eV to broad. There is an indication that the p=ak
energy changes with lunar local time, reaching a maximum of
750 eV at 3 to 4 days before sunrise.

The ion fluxes are of the order of 16 ions/cm2-sec-sr.
They occur in bursts usually less than 1 hr in duration.
They show no Kp dependence.

These ions are not understood. Their energy suggests
that they are cf solar-wind origin. They are of too high
energy to be detected by the SIDE mass analyzer. Possible
explanations include

1. Atmospheric ions acceleratea by the solar wind into
circumlunar trajectories

~. Solar-wind protons escaping fror a lunar limbshock
as recouapression shock

3. The positive ion sheath of the lunar nightside
negative surface potential

9-10
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For further details see reference 9-5.

Bow Shock Protons

Protons and other solar-wind ions accelerated in the
Earth's bow shock can escape upstream along magnetic field
lines. The SIDE's established that these ions can travel at
least as tar as the lunar orbit. At the Moon, these ions
have energies ranging from 250 eV to beyond the upper limit
of the SIDE at 3500 eV. Integral fluxes of the order of 10S
ions/cm2-sec-sr are typical. Their arrival at the Moon is
correlated with the interplanetary magnetic field direction.
Further details are available in references 9-6 to 9-8.

Magnetosheath

The Moon provides a good platform from which to study
the distant magnetotail and magnetosheath. Using SIDE
energy spectra, the plasma parameters of bulk velocity,
temperature, number density, pressure, and energy density
ratio were computed for 1C lunations throughout the
magnetosheath. These parameters generally follow the
predictions of laminar flow. The presence of nonthermal
particles concentrating in a high energy tail of the energy
spectrum is observed to increase near the bow shock in the
dusk magnetosheath.

An unexpected result is an asymmetry in the correlation
between this high energy tail and K,. The dvusl
magnetosheath shows a good correlation, but the dawn
megnetosheath shows no such correlation. This result is
believed to be related to the presence of oblique shocks at

-the dawn magnetosheath. Further information can be found in

references 9-9 to 9-+11%.

Magnetotail

Perhaps the most important and least expected result
from the SIDE data is the discovery of a new plasma regime
in the high latitude lobes of the geomagnetic tail.
Principally because of the SIDE's high sensitivity to low
energy ions, it detects what is referred to as the "lobe
plasma."

The lobe plasmé consists of protcns of energy 50 to 259
eV streaming along the geomagnetic tail field lines away
from the Earth. 1Integral fluxes range from 105 to 108
ions/cm2-sec-sr, temperatures 4 ¥ 104 to 5 x 105 K and
number densities 0.1/cm3 to S/cm3 (refs. 9-12 and 9-13).
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This plasma is observed to be sometimes, but not
always, contiguous with the plasma sheet. It is believed to
convect toward the plasma sheet from the polar magnetopause
and to form the source region for the plasma sheet. 1Its
frequency of occurrence in certain areas of the tail appears
to be correlated with the east-west component of the
interplanetary magnetic field, thus providing convincing
evidence for the highly controversial maguetic merging on
the dayside magnetopause.

Detailed investigations of the plasma sheet using the
SIDE data are only now getting underway. One feature of
interest is the appearance of multiple bulk flow velocities.
Also, the correlation of plasma sheet flow with substorm
activity remains a promising subject to be investigated.

Solar Wind/Neutral Gas Cloud Interactions

An important aspect of cosmic physics is the
interaction between neutral and ionized gas streams. An
opportunity to investigate such an interaction occurred
following the impact of the Apollo 13 Saturm IVB (S-IVB)
stage at a location 140 km west of the Rpollo 12 ALSEP site.
Both the SIDE and the solar wind spectrometer observed a
large flux cf positive ions (maximum flux of approximately
3 x 108 ions/cm2-sec-sr). Two separate streams of ions were
seen: a horizontal flux that appeared to be deflected
solar-wind ions and a smaller vertical flux of predominantly
heavy ions (>10 amu/Q) that probably consisted of material
vaporized from the S-IVB stage. The important result is
that hot electrons (50 eV) were created and were an
important ionization mechanism in the impact-produced
neutral gas cloud. Thus strong ionization and acceleration
were observed under near collisionless conditions. For
further information, refer to refererce 9-14.

Rocket Exhaust Products

Along with ‘ons from the ambient atmosphere, the SIDE's
detect ions arising from exhaust gases from the Apollo
missions. The Apollo 12 SIDE data were studied briefly with
the objective of determining the dissipation rates of these
gases. Two mass analyzer spectra were examined: one was
examined 14 hr after the Apollo 12 landing; the other 2
months later., Both spectra showed good agreement with the
predicted mass spectra for exhaust gases. When fitted to an
exponential decay curve, and e-folding time of approximately
30 days was obtained for the majority of the gases (ref. 9-
15). This study has not been completed. The lifetimes of
individual gases have not been examined in detail, nor have
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the data from *he Apollo 14 and 15 SIDE's been carefully
examined with a study of exhaust gases as the principal
objective.

Synoptic and Secular Studies and Transient Events

Because of the sporadic nature of the lunar ionosphere
measurements, it has been difficult to make secular and
synoptic measurements. It has been observed, however, that
ion densities computed from data taken approximately 6
months after the deployment of the Apollo 15 instrument are
about a factor of 12 higher than those computed from data
taken 2 yr after deployment. The numbers quoted earlier in
this report are from the later data. These numhers agree
with the neutral number densities for neon found by the
Lunar Atmospheric Composition Experiment on Apcllo 17 (ref.
24-16) .

A possible explanation for this apparent change is
calibration drifts in the instruments. Several independent
tests of the long-term calibration integrity are under way
but have not been completed. An alternative explanation is
that the early data are in some way still affected by
contaminants from the landing or a locally enhanced neon
flux that is due to the heating of the lunar surface by the
rocket plume. A final possibility is that there has
occurred a natural secular variation in the atmospheric neon
concentraion. One should withold judgment on this until all
possibilities have been thoroughly investigated.

In 1973, the investigators vreported a 14-hr period
during which water vapor ions dominated the ion mass per
unit charge spectrum at the Apollo 14 site (ref. 9-17). By
examining all possible sources of contamination and
extralunar sources, the investigators conclided that the
ions were probably of lunar origin. Sincc this time, no
additional water vapor events have been observed.
Consequently, it appears unlikely that the water vapor came
from a lunar source, although the details of the ion
production are still unclear. Aside from this enigmatic
event, no evidence exists in the SIDE data for transient
events.

Penetrating Solar Particles

The SIDE was designed to measure 10 to 3500 eV ions
that enter the detector aperture. However, particles of
sufficiently high energy can penetrate the instrument from
any direction and be detected. Such was the case during the
intense solar flare activity cof early August 1972. High
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energy solar protons produced by the flares constituted an
isotropic flux by the time they reached the vicinity of
Earth, and were recorded by the SIDE's although the
instruments were on the nightside of the Moon. The
penetrating particles produced a high counting rate in all
channels of all three SIDE's, and the event was observei for
several days. An unusual feature of the event was a sudden
sharply increased flux that lasted for about 2 kr and ended
as suddenly as it begar. This so-called "square wave" was
discussed in references 9-18 and 9-19 as well as in earlier
conference reports and collected papers on the topic. Other
instruments on several other spacecraft have also reported
such observations, and multispacecraft intercomparisons may
provide information on *he nature of the disturbance that
produced this event.

Future Research

The success of the SIDE experiments is characterized by
the variety of phenomena about which the data provide
information. This wide range of phenomena has made it
difficult to find time to examine all the phenomena in great
depth. A great deal of data analysis still remains. Tae
in-depth study so far has been limited to the lunar
ionosphere. The lunar surface electric potential, the
nightside ions, the magnetotail, and the bow shock data have
been skimmed for the gross features; but a number of
specific features need investigating further. A partial
list of these features is as follows:

1. 1Investigation of the asymmetry in the lunar-surface
potential to determine its cause

2. Correlation between SIDE and CPLEE lunar-surface
potential data in the magnetota:yl

3. Correlation of the nightside energetic ion fluxes
with the interplanetary magnetic field to determine the
origin of thes2 fluxes

4, Correlation between the lobe plasma and
magnetospheric substorm data from ground and satellites

5. Determination of pl..ma sheet parameters and their
correlation with other magnetospheric data

6. Statistical studies on the iocation of the
magnetopause and Lkow shock front

7. High rescoluvion studies of the plasma parameters at
the magnetopause and bow shock front

9-14
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8. Studies of the decay rates of the individual rocket
exhaust product gases

9. Investigation of the interaction between a rocket
exhaust neutral gas cloud and the magnetosheath plasma

10. Investigation of the cause of a background
enhancement near the terminator possibly as the result of
dust movement abcve the lunar surface

11. 1Investigation of long-term variations in the
intensities of several phenomena observed (Preliminary work
indicates definite variations as a result of seasonal and
longer-term periodicities in the lunar orbit and directions
with respect to the Sun. When these effects can be
recognized and removed, the magnitude of secular variations,
if any, can be investigated.)

SUMMARY OF PRINCIPAL RESULTS

1. Lunar jions accelerated by the solar-wind-induced
field (E = -V x B) were observed (where E is the electric
field and -V x B 1is the negative cross product of vslocity

and magnetic field).

2. During lunar night, 1 to 3 keV protons (considered
+0o be protons from the bow shock of the Earth) were
observed.

3. Ion mass spectra due to the LM exhaust gas were
observed, and the intensit*y decay rate was determined.

4., Multisite observation was made of the energetic
ion characteristics in the Eartn magnetosheath and at its
boundaries, and correlation with geomagnetic activity was
nade.

5. The effects ~f the lunar module (LM) ascent engine
exhaust on magnetosheath ion fluxes were observed.

6. Multisite observations of apparent motions of ion
"clouds" related to lunar impact events and observations of

mass spectra during the events were made.

7. Ion fluxes were monitored during local solar
eclipses; no changes were observed.

8. Energe*ic ions were observed during lunar night
when the site was shielded frox the solar-wind direction.
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9. Observation of ion events near terminators
suggests a turbulent region of solar-wind plasma interaction

with the so0lid Moon.

10, Positive ion fluxes were monitored while in the
geomagnetic tail and correlated with gcomagnetic storm
activity.

11. Mass spectra of ions were observed from the
ambient atmosphere, including a single observation of water
vapor ions, possibly of natural origin.

12. The electric potential of the lunar surface was
determined (a) in the magnetosheath or solar wind and (b)
rear the terminators.

13. Solar wind was observed during interplanetary
storus.

14, Penetrating ions from solar flares were observed.
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10. HEAT FLOW EXPERIMENT

The flow of heat from the lunar surface and the associated
subsurface temperature fields have evolved from the conditions
that existed when the Moon was formed (under the influence of
accumulated thermal and structural developments, including those
deep in the interior). A knowledge of the present level of sur-
face heat flow may therefore place some important limits on the
range of feasible lunar models. To determine this level, instru-
ments capable of making lunar subsurface measurements (from which
local heat flow could be derived) were carried to the Moon on the
Apollo 15, 16, and 17 missions.

SYMBOLS

The following symbols are used in this discussion of the heat
flow experiment (HFE). Because the HFE data output is in degrees
Celsius and the experiment was designed accordingly, pertinent
discussion must be in degrees Celsius (instead of Kelvin) to avoid
misinterpretation by the data user. The International System of
Units is used for all other measurements.

A1 6 platinum bridge constants determined by calibration
B, 6 platinum bridge constants determined by calibration
C conctant

dT/dz mean vertical temperature gradient

G system gain

IE bridge excitation current

J heat flow

k thermal conductivity

m mean value

n point of constant input ratio
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digital numbers

N - 4096

resistance at 0° Celsius
Wheatstone bridge arm resistances
resistance at 100° Celsius

total bridge resistance

idealized output ratio

resistance at T

temperature in degrees Celsius

reference-bridge temperature

thermocouple

digit resolution (2.4412 millivolts)

positive voltage
negative voltage
sensed positive voltage

sensed negative voltage

sensed reference-bridge excitation voltage

sensed reference-bridge output voltage

error offset voltage referred to amplifier input

bridge excitation voltage

sensed bridge excitation voltage
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potential difference across 20-ohm resistance for cur-
rent IE

bridge output voltage

potential difference across 2-ohm resistance for current
I

E
voltage at connection point X
voltage at connection point Y

calibration constants for reference bridge

vertical distance

attenuation ratio Vé/VE
solar absorptance

Van Dusen calibration constant

Callendar calibration constant
temperature difference in degrees Celsius
system error offset

output~sense-line offset
excitation-sense~-line offset
infrared emittance

standard deviation

EXPERIMENT THEORY

The heat flow instrument performs measurements to determine
the mean vertical temperature gradient dT/dz (where T is
temperature in degrees Celsius and 2z is vertical distance) and
the effective thermal conductivity k of the material across
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which the measured gradient is developed. Conducted heat flow
J diffuses down a temperature gradient in accord with the rela-
tionship between these two quantities in one dimension

J = ~k(dT/dz) (12 1)

Table 10-I gives ranges of predicted density of heat flow rat.
and soil thermal conductivities with the corresponding limits of
average temperature gradients.

The average absolute temperature at any point in the subsur-
face (regolith) results from the balance between the solar heat
influx and the total heat outflow acting through the regolith.
Solar radiation power incident at the lunar surface varies from

1.45 kW/m2 at one extreme to 0 at the other extreme. Resultant
Moon surface temperatures vary from approximately 400 K at lunar
noon to 100 K at lunar night, with an annual modulation cf about

8 K caused by the elliptical orbit of the Moon about the Sun. The
attenuations and phase shifts of these periodic variations as they
propagate into the Moon are determined by the diffusivity of the
regolith materials. Nonperiodic variations also cccur as a result
of changes in the infrared (IR) emittance and solar absorptance of
the surface when it is disturbed by the astronauts. Variations
were also caused by heat generated during instrument emplacement
operations — hole drilling, in particular. To extract meaning-
ful data regarding average gradient from the composite tempera-
tures that may exist at practical lunar measuring depths, the
temperature-measuring instrument must have a wider range than the
predicted gradients; readings must be recorded frequently for more
than a year; and absolute measurement accuracy must equal the
relative accuracy requirement for the lowest mean temperature
gradient expected.

Two different approaches are used in measuring lunar subsur-
face thermal conductivity by means of the heat flow instrument.
In the first approach, the thermal response of in situ lunar
material to known heat sources is tested. In the second, vertical
strings of temperature sensors record the characteristics of the
periodic propagations into the surface to determine diffusivity:
with this diffusivity information and with good estimates of soil
mass density and specific heat, thermal conductivity can be
calculated.

The first of these approaches takes into account local inho-
mogeneities, and measurements should sample the volume of material
that immediately influences the temperature gradient. Two varia-
tions within this approach are reqrired to cover the conductivily
range of expected subsurface linar raterials. For soils with low
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conductivities (less than 5 x 10”2 W/m-K), a tubular heater wound
around one of a pair of temperature sensors vertically separated
by 0.5 m is energized with a small amount (2 mW) of power. The
rate of rise and the steady-state value of tha heated sensor tem-
perature relative to the undisturbed reference level are functions
of the thermal courling from the heater to the lunar material and
of the thermal conductivity of the surrounding lunar soil. The
temperature rise is inversely proportional to both thermal conduc-
tivity and absolute temperature level. Useful range is limited at
higher thermal conductivities by reduced sensitiv’ty and by the
magnitude of the radiative and conductive thermal resistance of
the coupling paths from instrument to soil. For materials such as

rock, with conductivities greater than 5 «x 10"2 W/m-K, the heater
is powered to 0.5 W; the transient and steady-state responses of
the lunar medium between the heat source and a remote sensor 0.1 m
away are d-iermined by subtracting the characteristic short-time
constant response of the intervening sensor support structure from
the overall response.

EXPERIMENT DESCRIPTION

The optimum site configuraticon for the HFE is depicted in
figure 10-1. Two hollow fiberglass borestems, 2.5 cm in diameter,
are drilled into the lunar surface to a depth of 3 m at a distance
of 10 m from each other. Four sets of temperature sensors, spaced
along a probe consisting of two flexibly joined rigid sections,
occupy the bottom meter of each hole. The sensors, which are
primarily radiatively coupled to the borestem and lunar soil, are
co:nzcted electrically by 8-m woven cables to a package of elec-
tronics on the surface. Each cable carries four precisely located
thermocouple junctions in the borestems above the probes. The
electronics unit is ccnnected to the Apollc lunar surface experi-
ments package (ALSEP) by a 9-m~long flat ribbon cable.

The heat flow instrument returns data that give average-
temperature information, differential~temperature information, and
low- and high-thermal-conductivity information from four locations
on each probe; the thermocouples supply readings for temperature
determinations in the upper part of the borehnles. Instrument
performance requirements for these measurements are summarized in
table 10-I1I.

In the normal operating mode, the heat flow irstrument
(1) gathers ambient and high- and low-sensitivity differential
temperature data from the gradient sensors situated at the ends of
each half-probe section and (2) samples the thermocouple outputs
during the 7.25-min neasurement sequence. Various sub-sequences
can be selected (e.g., measuremenrts on one probe only), but most
of them are not normally used. ©Low-conductivity experiments are
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performed on command, with each heater activated in turn to

0.002 W for about 40 hr. The normal measurement sequence is
unchanged. The high-conductivity mode of operation requires tl.e
selection of measurements on the remote sensors in any half-probe
section; the type of data returned alternates between high-
sensitivity differential and absolute temperature measurements.
Either of the adjacent heaters at the ends of the probe half may
be activated by command. Each heater should be on for about € hr,
but this depends cn the conductivity experienced.

EQUIPMENT DESCRIPTION

The platinum resistance sensors used in the HFE probe con-
tribute significantly to the quality of the measurements obtained.
Two types of rlatinum resistance thermometers are used in the heat
flow instrument: the so-called gradient sensor ard the ring or
remote sensor.

Gradient Sensor

'he gradient sensor detail is shown in figure 10-2. The
sensor incorporates a unique method of supporting the resistance
wire to reduce instability normally induced by mechanical or
thermal stress. Pure annealed 0.04-mm-diameter platinum wire,
coiled in a 0.3-mm-diameter helix that is extended to 0.07 mm
pitch, is mounted on a glass-insulated platinum mnundrel. The base
of each loop is arranged so that only 10 percent of the turn is
embedded in the substrate. The mandrel and glass have the same
expansion coefficients as the coil, and the assembly is annealed
at 673 K for 15 hr before sealing. The platinum coil is isolated
from contamination by an atmosphere of pure helium contained with-
in a gold-sealed platinum outer case. Platinum-wire coaxial leads
extend through ceramic-insulated tubes for silver brazing to Evan-
ohm and Manganin connecting wires. Each sensor assembly houses
two separate elements, effectively bifilar wound, with nominal
resistances of 500 2 at 273.15 K (0° C).

Remote Sensor

The construction of the remote sensor is illustrated in
figure 10-3. It consists of two 500-(-nominal-resist nce platinum
wires set in a ceramic glaze airound a thin platinum ring. Because
the remote sensor is intended for use in the short-term high-
conductivity experiments, it has a less stringent stability
requirement (0.002 K/6 hr) than the gradient sensor; however, it
has demonstrated a long-term stability comparable to that of the
agradier.t sensor,
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The sensors are mounied as shown in figure 10--4, which
illustrates the configuration common to the ends of all half-probe
sections. The gradient assembly is epoxied at the mounting bush-
ing (at the sensor-lead exit end) .o the inside of the probe end
sheath. The small tube on the opposite end (also shown in fig-
ure 10-2) is suppocrted by a snugly fitting fiberg.ass bushing that
permits strain-free differential expansion and good mounting sup-
port. Associated with each gradient sensor is a 1000-2 Karma wire
heater, wound concentrically with the gradient sensor on the thin
section of the end sheath. The ring sensor platinum band is par-
tially cemented internally to a filler sheath that is attached to
the outer sheath of the probe. A tube joins the two end pieces
to form a probe half-section.

The structural components providing the span between the
sensors were manufactured from low-conductivity, thin-walled,
filament-wound epoxy fiberglass. All cabling is carried through
the probe body inside the split inner sheath that is shielded
with multilayer insulat®on to reduce radiative coupling between
the wiring and probe wull, particularly during conductivity exper-
iments with a heate: on. The areas around the sensors are par-
tially enclosed with guards for protection during handling.

A probe assembly is 1.09 m long when unfolded at the closely
coiled extension spring that joins ti.. two half-sections. The
cormplete unit is coated with a matte-black thermal control paint.
An assembled prcbe (with its 8-m, 35-conductor connecting cable)
weighs less than 0.5 kg.

Gradient and ring sensors are each interconnzcted within a
probe half with AWG 23 Evanohm wire to form bridges, the opposite
arms of which are physically situated in the same sensor assembly
at a common temperature. A schematic of this resistance bridge
arrangement is shown in figure 10-5, where T1 is the temperature

of one sensor assembly and T2 the temperature of the other. The

gradient sensor assemblies, which form onre bridge, are separated
by 47 cm; the remote sensor assemblies, which form the other '
bridge, are located 29.cm apart and 9 cm from iche heater windings.

Six wires connect each bridge to the electronics unit. Those
from a lower half-probe are conveyed in the upper section through
the hollow sensor assemblies. Evanohm wire is used because it
has a remarkably small temperature coefficient of resistance
(0.00002/K), a closely controllable resistivity, and a thermal
conductivity that is low for an electrical conductor.
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SENSOR CHARACTERISTICS

In Callendar's empirical parabolic equation

R, - R
T 0 T T
T = 100|g——=—] + 5<_.._ - 1)__. (10-2)
(R100 R0> 100 100

the constant & defines the characteristics of an individual
platinum resistance thermometer over the temperature range 0° to
630° C, where T is temperature in degrees Celsius, R is

T
resistance at temperature T, R0 is resistance at 0° C, and R100
is resistance at 100° C. The Callendar constant is determined by
calibration at the following three fixed points: the triple point
of water (0.0100° C), the steam point (100° C), and the boiling
point of sulfur (444.600° C). For use between 0° and -183° C, a

correction term devised by Van Dusen is added to the Callendar
equation to give

ol - 9 ()

where the constant B for an individual thermometer is found by
calibrating at the boiling point of oxygen (-182.97° C). The

resistance of one platinum element at temperature T relative to
its resistance at 0° C is therefore

R R
T 1 (100 _ VA AN |
R - Y T“oo( R, )[T 5(‘10‘6 1)100 -

- B(T%d - 1) (7%3)3] (10-4)
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Referring to figure 10-5, the bridge voltage ratio is defined

VO R1RQ - R2R3

Ve T (& YR (Ry FRY)

(10-5)

where R1, Rz, R3, and Ru are Wheatstone bridge arm resis-
tances; VE is the excitation voltage across the bridge; and V
is the output voltage. By combining equations (10-4) and (10-5)
and eliminating small terms, the following simplified expression
is obtained:

o

v
0 _ 2
V; Ry = A, + AT + A, T° + A, AT + A, AT (AT + 2T)
+ A [ar (873 - 30012 + a2 (672 - 3007)
+ aT3 (T - 100) + aT"] (10-6)

where RB is total bridge resistance; T is the temperature of

one sensor assembly expressed in degrees Celsius; AT is the
temperature differential between sensor assemblies in degrees Cel-
sius; and Ay, A2, A3, Au, AS' and AG are constants. Simi-
larly, bridge resistance RB can be related to temperature T
and temperature differential AT by the simplified expression

2+ B, (T - 100)T° + By AT

RB = B1 + BZT + BT 5

3

+ 136 AT (AT + 2T) (10-7)

where B B B3, Bu, BS' and 86 are constants. Equa-

1’ 2
tions (10-6) and (10-7) are transcendental in T and AT. To
find absolute and differential temperatures, an iterative simul-

taneous solution of both calibration equations is required,
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ELECTRONIC MEASUREMENT SYSTEM

System Operation

Equations (10-6) and (10-7) show that the electrical measure-
ments required to solve for T and AT are total bridge resis-

tance RB (measured as a single element), excitation voltage VE'

and differential output voltage Vo. The system by which these
measurements are made is represented in the simplified block dia-
gram in figure 10-5, which includes the essential features of the
bridge measurement method. The diagram ircludes only one of the
eight probe bridges and omits thermocouple circuits, power sup-
plies, and most of the logic and control circuits.

Each of the bridges is selected through reed relays for
excitation by direct current. The bridges produce a differential
output-to-input voltage ratio VO/VE of approximately

+5.8 x 10_3 for a dynanic range of +2 K. With 8 V applied to the
bridge excitation cables, the data-chain maximum input requirement
is set at *34 mV. The gradient bridge low-sensitivity range of
+20 K requires 0.8 V excitation for a similar output maximum.
Measurements for total bridge resistance are made at the 8-V sup-

ply level. Excitation voltage VF is reduced to the maximum

level of the output voltage by an attenuator in the excitation

sense circuit.1 The output impedance is arranged to be the same
as the bridge differential output impedance. At the low-
sensitivity excitation level of 0.8 V, the attenuator output VE

is one-tentil of the maximum bridge unbalance voltage Vo at *20 K

temperature extremes. To effectively normalize these readings and
at the same time avoid attenuator switching or gain changes, exci-

tation current IE is sensed. This current is ~ombined with the

total bridge resistance value determined from re¢adings at 8-V
excitation made within a short time of the current measurement) to
calculate the low-level-excitation supply voltage. Low-
sensitivity current is found from the potential difference VL

d. reloped across a precision 18-0 plus 2-0 resistance in the sup-
ply line; high-sensitivity current is found from the potential
difference VT across the 2-9 resistor only. The latter value

is used with the attenuated bridge-excitation-voltage measurement

IThe series elements of the attenuator include cable resis-
tance that does fluctuate slightly with the large surface-
temperature variations, but the proportion of cable resistance in
the temperature-matched attenuator is small, and very high
attenuation-ratio stability is achieved.
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to determine total bridge resistance R Differential output

B.
voltages are read directly.

These various measurements are presented sequentially through
a low-level field effect transistor (FET) multiplexer to the input
of the common signal amplifier, which has a gain of 288 and a
full-scale output of +10 V. The amplified signal is converted to
a 13-bit digital number and clocked into a shift register along
with a 7-bit mode-identification and binary-measurement code. The
resulting 20-bit number is serially shifted into the ALSEF central
station for insertion as two 10-bit words into the ALSEP data
stream for transmission to Earth. On Earth, the binary numbers
are converted back to the sensor temperatures from which they
originated by applying the calibration factors for each bridge or
thermocouple and each measuring channel. The sources of error to

which the reconverted temperature values may be subject are as
follows:

1. Platinum bridge error sources
a. Initial calibration accuracy
b. Element stability with age

c. Dissimilar metal electromotive forces
at sense-wire connections

2. Measurement system error sources
a. Initial calibration of electronics
b. System noise
c. Spurious electromotive forces in multiplexer
d. Excitation voltage
(1) Stability
(2) Sense-attenuation stability
(3) Bridge heating
e. Amplifier
(1) Common-mode rejection

(2) Gain and offset stability

] 10-13
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(3) Linearity
(4) Settling time

f. »? .log-to-digital converter
(1) Linearity
(2) Reference voltage stability
(3) Quantizing magnitude

3. Data-processing error sources
a. Truncation errors

b. Iterative solution accuracy of bridge equations

Ratio Measurement Technique

Errors due to long-term system gain and offset instability
are circumvented by a scheme that paradoxically amounts to a cal-
ibration of each measuring channel by the unknown signal being
measured. A ratio technique is used that eliminates system gain
and offset as factors in the reconstitution of the original
bridge ratio. The success of the technique depends only on gain
and offset stability during the brief measurement period. All
measurements are made twice (at two different levels). To utilize
the full system range and obtain maximum resolution, it is con-
venient for each bridge input and output measurement to be made
at reversed polarity and with equal bipolar excitation levels.
The bridge is pulsed twice in 2.4 sec for 2.6 msec at a maximum

duty cycle (0.2 x 10‘3) that limits self-heating to an acceptable
0.1 uW; two measurements are made during each excitation pulse.
The sequence outlined in figure 10-6 for a high-sensitivity dif-
ferential measurement is typical of all measurements. Power is
applied to the bridge from the excitation~pulse supply at bipolar
4-v levels, which gives a positive 8-V total excitation. After

+
1 msec to allow the system to settle, the attenuator output V'E
corresponding o excitation level VE+ is converted to a digital
number N1. Output voltage Vo+ is then selected for measure-

. . +

ment; and, after a 2.3-msec positive pulse duration, V0 conver-
sion to N2 is executed. The entire process is repeated 2.4 sec

from the start of the sequence with the pulse-excitation supply
output reversed to -8 V; during application of this negative
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g pulse, Vé* and VO- are converted to digital numbers N3 and
N“, respectively.
If G represents amplifier and analog-to-digital-converter
gain

e,

T

(Vo™ + o * ¢

NZ_NQ=G(O+€O+E)-G
Ny =Ny G(Vé+s+e)-G67 +e+€)
+ -
_VY% "V
+ -
VAR Y
E E (10-8)
g
1 - 92
+ ¥
Y Vo
|+ v
v, 1_VE
+
E

where ¢ is the amplifier and analog-to-digital-converter offset,

€ is the output-sense-line offset, and £y is the excitation-

(o]
sense~line offset. Because the temperature of a bridge in the
lunar regolith will not change during the 2.4-sec measurement
period

+ -
Vo Vo _ c
¥ v——" = (10-9)
Vg E

where C 1is a constant regardless of th=: excitation magnitudes of

A/ + and V

e E-' Rearranging equation (10-9) to read

<

O
<<

e

+ (10-10)

<
e
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and combining equations (10-8) and (10-9) results in

2 8.0 (10-11)

+ . . . . R
where VO+/Vé is the ratio between measured bridge signals, inde-
pendent of gain and offset. The required bridge ratio VO/VE is

obtained by applying the excitation~sense measurement attenuation
factor 2, the accuracy and stability of which clearly affect the
result. Since 2 = Vé/VE' then

zv

- V'O (10-12)
E

<|<
o

E

Other Design Features

The use of excitation-polarity reversal, with one data con-
verter for all measurements, eliminates some major sources of
error and obviates the need for separate periodic calibrations on
the Moon and for additional circuitry with which to perform them.
Nevertheless, numerous sources of error remain. It is therefore
pertinent to summarize here the more significant features of the
principal components of the data chain, which account for demon-
strated measurement accuracies of better than 0.02 percent full-
scale probable error over a temperature range of 273.15 to
333.15 K (0° to 60° C).

The pulsed-power supply produces 4000 V + 1 mV bipolar pulses
th.t are stable to within 0.002 percent during bridge excitation
and output measurements. The supply operates from positive and
negative reference levels, which are derived from constant-
current-driven, low-temperature~-coefficient zener diodes that are
switched by the control logic for positive and negative bridge
excitation outputs from two series-connected operational ampli-
fiers. Each amplifier has a push/pull output stage to supply the
20-mA bridge current.

The multiplexer for the heat flow instrument is a double-
tiered N-channel FET commutator, with 32 differential input pairs.
It is divided into four sections, one for each probe set of
gradient sensors and one each for the remote sensors and the
thermocouples. Each FET section is powered only when necessary to
restrict the effects of a single~channel failure. The FET
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temperature-dependent offset voltages and mismatched differential
impedances, which act with circuit impedances and amplifier bias
currents to introduce variable offset voltages for each channel
and different offsets between channels, are canceled by the ratio
measurement technique previously described.

The most basic design trade-offs in analog-to-digital conver-
ter design are speed and accuracy; neither is of great consequence
in this application, where extreme linearity, stability, and sen-
sitivity are the only critical requirements. Digital cecnversion
of the amplified sensor signals is achieved by 13-bit successive
approximation to the sum of a generated +10.000 V + 1 mV offset
supply and the +10-V full-scale output from the data amplifier.
The offset binary number produced is linear to within 0.0075 per-
cent full scale, with a resolution of 2.4414 mV per bit. Conver-
sion speed is 20 usec per bit. The device is a conventional
successive-approximation analog~to-digital converter, with the two
most significant bits of the ladder network trimmed to remove
errors due to voltage drops across the switches.

The signals are amplified by a differential-input single-
ended-output two-stage amplifier, with differential and common-
wode impedances exceeding 50 and 20 MQ, respectively, at
frequencies below 5 kHz. The common-mode rejection ratio is
greater than 120 dB over the same frequency range. The character-
istics most important to the ratio technique are linearity, which
is within 0.005 percent full scale, and short-term stability,
which is better than 0.001 percent for 5 sec at a maximum rate of
temperature change of 0.01 K/sec (0.01° C/sec). The common-mode
rejection ratio becomes important when bridge current is sensed at
8-V excitation levels.

Constan“-current sources are supplied to each base of the
differential input pair to compensate for the bias current
required by the matched semiconductors, but the more usual
constant-current-source common-emitter supply is replaced with a
variable current source that maintains the constant output of
combined collector currents. The differential output from the
collectors connects to an operational amplifier, the output of
which feeds back to the emitters of the input stage to force the
total of the collector currents to divide equally between the two
halves of the differential pair. Stable operati.ag points are thus
es.unl. shed independently of common-mode inputs over a wide temp-
erature range. The first-stage gain is 100. After filtering, the
signal is applied to the input of the second-stage amplifier that
normally operates with a gain of 2.88. The total amplifier gain
of 288 is used for all bridge measurements.

Thermocouple measurements require an input range of +10 mv
rather than ¢34 mV. During thermocouple sequences, therefore,
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the second-stage gain is changed from 2.88 to 10 by switching an
FET to introduce a potential divider in the feedback path of the

second stage.

THERMOCOUPLE MEASUREMENTS

Eight Constantan and two Chromel wires from the thermocouple
junctions in the probe cables connect to Kovar leads at an iso-
thermal block inside the electronics package. The Kovar leads
convey the thermocouple voltages to the multiplexer. The isother-
mal block also contains a platinum/Evanohm bridge thermometer with
two constant-value resistance arms. A schematic that represents
one probe-cable set of thermocouple junctions and the reference-
temperature bridge is presented in figure 10-7.

Thermocouple measurements of absolute temperature have an
inherent accuracy an order of magnitude lower than platinum resis-
tance measurements in part because of thermocouple instability,
but primarily because of difficulties in measuring low-level vol-
tage sources. Because the ratio technique is not applicable to
thermocouple measurements, a calibration method is used to
establish system gain and offset during the measurement sequence
to £ind the isothermal block temperature with the bridge

thermometer.

Measurements on the reference-temperature bridge follow the
same pattern as those on the probe bridges, except that the ampli-
tude of excitation is attenuated to give a +10 mV full-scale out-
put, which is the range of the thermocouple voltages. An
amplifier nominal gain of 1000 is selected for reference-bridge
and thermocouple measurements. To find system gain and error off-
set values, it is assumed that the attenuated positive and nega-
tive bridge excitation voltages VE are of known, equal, and

opposite magnitudes because they are derived from the precisely
controlled pulsed-power supply and are connected to the bridge by
short leads within the electronics package.

10-18

o P ¢ 4T

L

L N VRN

St



-

nEE e Mg o b e e

The sensed excitation signals ve+ and vy are converted by
the analog-~to-digital converter to binary numbers N1 and N3 in
accord with the relationships

+
S(ve” * Vogs)
N. = e off

1 u
g > (10-13)
_ fﬁve * Vofi)
N; = u

/

where VoEE is error offset voltage referred to the amplifier

input and G 1is system gain. The full-scale, 13-bit binary out-
put count is 0 to 8191, which corresponds to an offset amplified
signal range of 0 to 20 V and gives a digit resolution u of
2.4414 mv. Gain is found from

G = 1 3 (10-14)

when the offset voltages cancel. To find the error offset voltage
Voff! the offset binary outputs N1 and N3 are converied to

positive and negative numbers by subtracting offset count 4096.

If N% = (N1 - 4096) and Ni = (N3 - 4096), then

3 (10-15)

The use of known balanced inputs in the reference bridge
measuring sequence thus establishes system gain and offset. The
measured outputs are converted through electronics calibration
data, and the bridge voltage ratio is then used to solve iterat-
ively a third-order calibration equation for reference-bridge
temperature and hence €for isothermal-block and reference-
thermocouple temperat..e. Measurements of thermocouple voltages
made shortly thereaf' 'r (in the sequence N1, N2, N3, and Nu

as shown on the f{. . 10-7 schematic) are processed by using calcu~-
lated gain and offset values to arrive at true thermocouple vol-
tage outputs.
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The output from the Chromel/Constantan reference junction in
the isothermal block is measured relative to only one of the junc-
tions in the cable -— the junction inside the hollow of the gra-
dient sensor at the top of the probe. The remaining three
junctions in each probe cable are also measured relative to
this top junction. The double-referencing arrangement is designed
to center the mean of the thermocouple output extremes close to
¢ V for maximum measurement resolution. The predicted temperature
range for the thermocouple junction at the top of the probe is
200 to 260 K; the full-scale thermocouple range is 90 to 350 K,
and the isothermal-block temperature i1is controlled to between
278 and 328 K.

The voltage/temperature characteristics of the thermocouples
are described by calibration correction factors applied to stand-
ard tables of the National Bureau of Standards (NBS).

PACKAGE CONSTRUCTION AND THERMAL CONTROL

The heat flow instrument operates from a 29-V dc supply and
requires data-interlace and mode-control signals from the ALSEP
central station. The unit is otherwise self-contained with
respect to logic and power manager:..t fcr all the sensor measure-
ments and for probe-heater control.

In the deployed configuration, a ribbon cable consisting of
40 flat copper conductors in a plastic film extends from the
instrument package across 9 m of the lunar surface to the ALSEP
central station. This cable is connected to an astromate connec-
tor that the astronauts mated with the ALSEP central station out-
let for power to and communication with the heat flow instrument.

The two probe cables each consist of 35 unshielded conduc-
tors, interwoven for a uniform stress distribution so that the
weight of the astronaut can ke supported without degradation in
cable performance. These cables are very flexible and exhibit
little residual torque when extended; they are covered with a
woven Teflon sleeve to provide a low coefficient of friction
during deployment. Heatleaks from the cables on the lunar surface
to the probes and the electronics package are small because the
conductors are made from wire that has low thermal conductivity.

Electronics Package
The electronics package is made up of five multilayer
printed-circuit boards that are joined in a stack by interlocking

spacers bonded to each board. The stack is 6 by 19 by 14 cm
(2.5 by 7.6 by 5.6 in.); the boards consist of as many as
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12 layers, each 0.1 mm (0.004 in.,) thick. The layers of circuit
tracks are interconnected through plated holes in the composite
board, and as many as 210 component subpackages are mounted on one
board. The components are in physical contact with a heavy
printed-circuit conductor that forms a heat path to the interlock-
ing spacers. Column screws pass through the spacers to a metal
plate that serves as a thermal control plate and as a support for
the board stack. A dc/dc converter for the instrument power
supplies is packaged cn a board that is bonded to the thermal con-~
trol plate. Heating elements are also mounted in good thermal
contact with the plate. A short length of Manganin cable provides
thermal insulation from the copper conductors in the ribbon cable.
Bonded to the thermal control plate at the other side of the unit
is a 70-pin isothermal connector to which the two probe cables are
soldered. When the unit is assembled, the board stack is enclosed
by a metal cover with a compressible, electrically conducting gas-
ket to provide a barrier to electromagnetic interference.

Thermal Control Design

A thermal insulation bag, shaped as a container for the metal
cover surrounding the board stack, is hooked by Velcro pads to a
low-thermal-conductivity mounting ring fitted around the inside
edge of the thermal plate. The bag is constructed of 12 layers
of closely spaced, high-reflectivity shields that have very low
transverse conductivity; bridal-silk netting separates the layers
and covers the inside and outside of the bag. The IR emissivity
of the 0.00064 cm (0.25 mil) aluminized Mylar used for the shields
is approximately 0.02.

The electronics assembly is supported and protected by a thin
fiberglass outer case that is connected to the mounting ring by
low-conductivity joints. When the unit is standing on the feet
of this outer case, the well-insulated electronics compartment is
situated beneath the exposed thermal control plate. Internally
generated heat is conducted to the plate and radiated from a spec-
trally selective surface coating having a high IR emittance
(EIR = 0.9) and a low absorptance (as = 0.2) at frequencies where

solar power is most intense.

This simple thermal control arrangement could not modify the
extreme heat of solar radiation as well as the cold of deep space
in the tenuois atmosphere of the Moon to meet the recuired
electronics-temperature operating range (278 to 328 K) without
using excessive power during lunar night or permitting the upper
limit to be exceeded during lunar day. The thermal plate is
therefore protected from direct solar radiation by a sunshield
fitted over the assembly. The sunshield is an insulated box with
one open side, which is placed to face away from the equator with
its edge alined in the east/west direction. The numbered marks
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on the sunshield are used as a shadowgraph; the shadow is cast by
the universal handling tool that fits into the center socket. A
specular reflector slopes from the top edge of the sunshield at an
angle of 57° from vertical and almost touches the thermal plate.
The reflector increases the view of the thermal radiator plate to
the near-absolute-zero temperature of space and minimizes the
lunar-surface-radiation reflections that reach the thermal plate
from the exposed inside surfaces of the enclosure. The side cur-
tains adjoining the sloping reflector are also specular surfaces.
The reflecting mirrors are produced by a vacuum process in which

a thin layer of aluminum is deposited on polished fiberglass. The
back of the reflector and the thermal control plate inside the
sunshield are heavily blanketed with aluminized Mylar, layered in
the same way as in the thermal bag. The concealed interior sur-
faces of the sunshield are also coated wth metal by a vac im
process to reduce radiant interchange of IR energy inside. The
exterior surfaces of the entire package are covered with thermal
control coating.

A mast of multilayer insulation is attached to cthe edge of
the thermal plate to prevent direct sunlight from reaching it in
the event of a moderate misalinement from an east/west line or an
instrument-leveling error. To aid in leveling in the stark light-
ing of the Moon, the bubble level situated at one corner on a
recessed platform is illuminated by reflection of sunlight from
the vertical wall of the step.

The thermal control design for the heat flow instrument is
dictated largely by the power dissipation of the unit at lunar
noon. The average dissipation is minimized by gating oft as many
circuits as possible when they are not required for measurements.
During power gating, the average operational power dissipation is
3.9 W. The power-sharing mode is set to switch in when thermal
plate temperatures exceed 300 K. During lunar night, when the
electronics temperature falls below 290 K, additional power is
dissipated by the heaters on the thermal control plate. The
thermal control system is designed for instrument deployment
between lunar latitudes of :U45°.

CALIBRATION AND TESTING

To ensure that the heat flow instrument would meet its per-
formance requirements, the calibration and test program was exten-
sive and thorough. A substantial part of the large array of
calibration and test apparatus used was developed specifically for
this purpose. The sensors, probes, an” electronics were subjected
to worst-case mission environments ana were calibrated as subunits
before assembly as flight instruments. The subassembly calibra-
tions were verified by tests on the complete unit, which then
underwent a further series of tests clnsely simulating all the
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conditions anticipated for lravel to and operation on the Moon.
After exposure to such critical environments as system vibration, /
the stability of the instrument was carefully checked.

Sensors

The platinum resistance thermometers were calibrated as a
bridge by a comparison method. Each sensor, together with a
standard thermomet2r, was immersed in an isothermal bath of tri-
chloroethylene. The baths had separate temperature controls so
that temperatures could be independently set for each thermometer
of the differential bridge. The standard thermometers were inter-
changed for several measurements to determine offset. The unit of
measure (Kelvin) was established from standard thermometers cali-
brated by the NBS. Secondary absolute-value resistance standards
of 1000 @, referenced to an NBS standard, were maintained for the
electrical measurements.

To check for random errors, each gradient bridge was cali-
brated at 42 points, which were least-squares fitted to equa-
tions (10-6) and (10-7) to yield the 12 constants in these
equations. The standard deviation of the least-squares fit to the

data points in equation (10-6, did not exceed 0.48 x 10.3 K for

any of the sensor assemblies tested, and more than 60 such assem-
blies have been produced. The gradient bridges were calibrated at
differential temperatures of +20, +10, +2, 0, -1, -2, -10, and

-20 K; they were calibrated at absolute temperatures of 200, 212.5,
225, 237.5, and 250 K. The equivalent differential-temperature
drift of some randomly selected gradient sensors tested periodic-
ally at 200 and 270 K over a 3-yr period was approximately

0.3 ~ 10_3 K. The average absolute-temperature drift for individ-

ual sensor elements over the same 3-yr period was 0.5 x 10-3 K.

The ring sensors were calibrated at a minimum of 14 points to |
calculate 12 calibration constants.

Thermal-plate reference-temperature bridges in the electron-
ics package were calibrated at 253, 273, 298, 323, and 363 K
(=20°, 0°, +25°, +50°, and +90° C) to yield the constants X1,

X X,, and X, in the relationship

2! 3’

Yoy +x('r)+x('r)2+x('r)3 (10-16)
7, - M1 T %UR 3lTr s(Tr
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where TR is the reference bridge temperature and VO/VE is the

bridge voltage ratio. During reference-bridge calibration at
273 K (0° C), all eight cable thermocouple junctions were immersed
in an isothermal bath for calibration at 90, 200, 250, and 350 K.

Electronics

Testing of the electronics data chain involved adjustment by
resistance-value selection for zero offset, common-mode rejection,
and gain. A calibration factor was found for each measuring chan-
nel by calibrating the channel as it would be used; that is, by
performing ratio measurements. A set of resistance networks, cal-
ibrated to an accuracy of 0.00z percent, was substituted for
bridge and line resistances to simulate high-sensitivity and low-~
sensitivity ratios and bridge resistance. The various types of
measurements were made through separate channels. Calibration
was performed at 9 different differential-ratio amplitudes and
5 levels of bridge resistance; at least 10 measurements were made
for each of the input ratios. The mean m and standard deviation

o of the output ratios for a constant input were calculated, and
a linear calibration factor was found from the mean values corres-
ponding to ratios near the limits of channel range (n = 1 and
n=9 in fig. 10~8). The ideal transfer function of the channel
was the calibration factor. The error at any point n was
defined as the difference between the ideal output R1(n) and the

mean output fM(n), summed with the standard deviation o(n). To
verify system linearity, these measurements were made at tempera-
ture intervals throughout the operating range of the heat flow
instrument. A maximum error of 0.0375 percent full scale was
specified, but the typical maximum for instruments tested to date
has been 0.02 percent. Calibration factors were modified for the
actual bridge-lead resistances. Thermocouple channel accuracy was
also checked by multiple measurements at nine points throughout
the +10 mV input range.

Probes

Assembled probes were characterized over ambient- and dif-
ferential-temperature operating ranges in a temperature-gradient
apparatus (gradient chamber) that had an overall height of 3.4 m
(11 ft) and a diameter of 0.6 m (2 ft). The probes were inserted
in a gradient tube (2.5 cm internal diameter) in which a positive
or negative temperature field could be developed. A liquid-
nitrogen bath surrounded the gradient-tube assembly to provide
a constant-temperature heat sink for heat introduced in developing
average and linear differential temperatures. A doublz-vacuum
shell minimized heatleaks and permitted the probe to be inserted
without unduly disturbing the thermal equilibrium. Thermocouples
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and thermopiles in the gradient tube, along with associated
readout instrumentation, provided accuracies of temperature meas-
uarement that approximated those of the heat flow instrument. /
Probe-measured differential temperature was~compared with
apparatus-measured differential temperature in the form of a
"shorting" ratio, which was approximately a linear function of the
absolute temperature along the gradient; the probes were radia-
tively coupled to the gradient tube. This shorting ratio varied
from bridge to bridge because of small differences in probe con-
struction. The probes were tested at mean ambient temperatures

of 205, 225, and 245 K, with linear gradients of 0, 2, and 18 K
across each probe half-section. At least five tests were per-
formed with each flight-instrument probe, including two tests in
which the probe was integrated with electronics. Tests in the
gradient chamber at 0 K checked the zero offset of the gradient
bridges and determined the offset values for the ring bridges, the
cables of which were shortened during probe assembly. Xach of the
probe heaters was turned on at the 0.002-W level by the electron- :
ics to characterize the low-conductivity performance of the prcbe '
in an infinitely conducting environment, which the gradient-tube
apparatus represented since it was an almost perfect heat sink.

Thermal conductivity testing was also performed in an appa-
ratus that simulated the properties of the lunar regolith. In
essence, this thermal conductivity test apparatus was a 3.2- by
0.9-m (10.5- by 3-ft) Dewar flask, with inner-vessel-wall cooling
to the temperature range 200 to 250 K. A probhe boretube extended
into a bed of glass microbeads in the inner container. The outer
cavity and the boretube were evacuated, and the thermal conductiv-
ity of the glass-bead bed was varied over the anticipated lunar
range by controlling the gas-filling pressure. Two thermal con-
ductivity test units were constructed to permit the simultaneous
testing of the two probes of a heat flow instrument.

Heat Flow Instrument

B L WL, AN, Sk A (VAT 5 sbn

For functional testing of the probes and the heat flow in-
strument as a whole, thermal simulators were used to provide a i
stable temperature environment for the probes in the lunar- ?
temperature operating range. Each simulator was an insulated con=-
tainer 2.5 m (8 ft) deep, filled with solid carbon dioxiae and
ethanol, in which a heavy metal double boretube was vertically
situated. The ethanol fluid stabilized at the temperature of the
subliming dry ice that it surrounded. Because the temperature of
sublimation is a function of pressure, the fluid temperature
increased with depth to impose a gradient along the boretubes.
Thermocouples and thermopiles within the metal block measured the
temperature profile along the tubes. The laboratory thermal sim-
ulator had a compartment for the electronics package so tha:. the
whole instrument could be operated in a vacuum. When inserted
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into the boretubes, the two probes of the instrument were in a
similar, uncontrolled but slowly changing temperature field; and
comparisons could be made of processed measurements on the probe
bridges at given heights in the bath.

A comparable simulatcr was built into an adjunct of an
8.3- by 6.2-m (27- by 20-ft) thermal vacuum chamber. During ALSEP
system testing, the heat flow electronics package was deployed
inside the main chamber, with the probes situated in the stabi-
lized thermal simulator boretubes. The entire ALSEP system,
including the heat flow instrument, was exposed to the temperature
conditions of lunar dawn, lunar noon, and lunar night in a vacuum

of 6.7 x 107% N/m? (5 x 10”2 torr). cold space was simulated in
the chamber by pumping liquid nitrogen u.der pressure through
black, optically tight panels. Solar heat was simulated by the
use of carbon arc lamps, and dust degradation on instrument sur-
faces was simulated by subjecting them to additional IR radiation.

Table 10-III presents a comparison of thermal-simulator tem-
perature measurements made in a changing temperature environment
by the heat flow instrument probes and electronics package during
simulated lunar-night testing of the Apollo 16 ALSEP system. The
means of the differences between the temperatures measured by
adjacent bridges, which have been corrected for bridge shorting
ratio, and the standard deviations from the means are tabulated.
The very small differences noted may have been caused by differ-
ences in the transient responses of the two probes; by different
probe responses to nonlinear gradients; or by slightly different
temperature fields, the result either of inherent differences
between the apparatus boretubes or of different times of measure-
mert. Aside from these factors, the probe-measurement differences
reflect the consistency of total instrument calibration, stabili-
ty, and signal processing.

The low-sensitivity measurements on the upper gradient brid-
ges illustrate an effect of data averaging that is generally seen
in heat flow instrument test results. Although resolution in the
$20 K range is 10 times less thar in the high-sensitivity range —
a fact reflected by the standard deviations — the averages are
about the same in the two ranges. The number of measurements that
did not follow ‘this pattern decreased as the number of data cycles
increased. Thus, system resolution was effectively increased by
multiple-measurement averaging in both the low- and high-
sensitivity ranges. Use of this technique can result in an effec-
tive resolution that is better than analog-to-digital-conversion
quantization would allow for a single measurement.

During the simulated lunar-night test in which these results
were obtained, the probe cables were lying in an uncontrolled
temperature zone. There is little value, therefore, in comparing
thermocouple readings 2, 3, and 4. However, the mean of the
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measurement differences for the thermocouples situated at the top
of the probes (0.073 K) relative to the single-measurement resoiu-
tion of 0.17 K again demonstrates the data-averaging effect. The
readings also provide a good comparative check of the
thermocouples.

OPERATIONAL HISTORY

Apollo 15

Probe configuration.- The heat flow probes were not buried
to the planned depth of the experiment because of difficulties in
drilling holes into the regolith. A map of the probe placement
relative to other ALSEP experiments is shown in figure 10-9, and
the subsurface configuration of the probes is shown in fig-
ure 10-10.

Initiation of the experiment.- Times important to the initi-
ation of the Apollo 15 experiment (in 1971) are as follows:

Event Day Hr, G.m.t.
Probe 1 insertion 212 18.78
Probe 2 insertion 213 17.28
Instrument turn-on 212 19.47

Ring-bridge surveys.- In mode 1, full sequence, the tempera-
tures at the ring-bridge sensors are not measured. To obtain
measurements at these thermometers, the experiment is periodically
commanded to mode 3 with heaters off, and all bridge sensors are
sampled by sending the appropriate sequence of commands. This
procedure is called a ring-bridge survey. Initially, the surveys
were taken frequently, every 6 hr; they have been continued to the
present time with a longer interval between samples. The routine
schedule beyond the real-time postmission support is three ring-
bridge surveys weekly.
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Conductivity measurements.- During real-time support, conduc-

tivity experiments at low power, 0.002 W, were run on the follow-
ing schedule:

Heater on - Heater off -~
Heater Depth, " :
. Time Time,
location cmn Day hr:miﬁ, Day hr:min,
G.m.t. G.m.t.
1971
H11 35 242 17:00 243 17:00
H12 83 247 05:04 248 16:55
H13 91 238 04:58 239 16:57
H14 138 245 05:01 246 16:55
H23 49 236 05:00 237 17:01
H24 96 250 05:00 251 17:00
1972
211 35 073 15:01 075 15:00
4412 83 0us 14:42 047 02:26

qThese positions were rerun because they were
strongly affected by diurnal variations, and more
optimal tir-es were selected to decrease transient
variations during the observation.

Eclipses.~ During total eclipses, the experiments are com-
manded into the thermocouples-only mode.

Photographs used in analysis.- The following lunar surface
photographs were used in the analysis: AS15-87-11849, 87-11860,
92-12407 to 92-12409, 92-12416, and 92-12421, These photographs
are available at the National Space Science Data Center (NSSDC).

Apollo 16

The cable connecting the heat flow electronics package with
the ALSEP central station was inadvertently broken during ALSEP
deployment activities, rendering the experiment hardware
inoperative.
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Apollo 17

Probe configuration:- The probes were both buried to the
desired depth. A map of the probe placement relative to other
ALSEP experiments is shown in figure 10-11, and the configuration
of the probes in the subsurface is shown in figure 10-12.

Initiation of the experiment.- Times importan: to the initia-
tion of the Apollo 17 experiment (in 1972) are as follows:

Event Day Hr, G.m.t.
Probe 1 insertion 347 02.730
Probe 2 insertion 347 03.133
Instrument turn-~on 347 03.033

Ring-bridge surveys.- Ring-bridge surveys are run on approx-
imately the same schedule as that of the Apollo 15 experiment,

Conductivity measurements.- All eight experiments at low

power were run during the real-time support period (1973) by the
following schedule:

Heater on - Heater off -
Heater Depth, .

location cm Time, Time,
Day hr:min, Day hr:min,

G.m.tl G.m.t’

H11 130 003 05:58 004 18:00
H12 177 014 00:03 015 11:48
H13 185 021 00:03 022 12:31
H14 233 008 06:21 009 16:02
H21 131 005 05:18 007 06:07
H22 178 016 12:06 018 00:05
}23 186 023 00:31 024 12:30
H24 234 010 05:59 011 17:59

On day 25, 1973, at 18:00 G.m.t., H14 was turned on at high
power, N.5 W, After 3 hr of observation, the ring bridge (DTR12)
i lj went off-scale high and the heater was shut off at 20:30 G.m.t.
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Photographs used in analysis.- The following lunar surface
photographs were used in the analysis: AS17-134-20493 to 20497,
147-22590 to 22600, 147-22602, and 147-22603. These photographs
are available at the NSSDC.

INSTRUMENT MALFUNCTIONS

Instrument malfuictions as of December 10, 1973, were as
follows:

1. Apollo 15: The data channel for the reference thermome-
ter stopped operating August 7, 1971. This channel is redundant,
and no data have been lost.

2. Apollo 16: The cable was broken at the ALSEP central
station plug. One probe was deployed. The instrument is
inoperative.

3. Apollo 17: The only significant problem is the very high
noise level of the thermocouples during the lunar day just before
noon.

SUMMARY OF RESULTS

During the Apollo missions, two heat flow measurement sites
were successfully established on the lunar surface. Both measure-
ment sites are in similar regional settings in the northeast quad-
rant of the Moon. The Taurus-Littrow and Rima Hadley sites are
located in embayments in the mountainous rims of the Imbrium and
Serenitatis mascon basins that have been flooded by mare-type
basalts.

Surface brightness temperatures were calculated from the
temperature of the thermocouples suspended several centimeters
above the lunar surface. The mean surface temperature at Rima
Hadley throughout a lunation < ’cle is 207 K. The mean temperature
increases with depth very rapidly in the upper few centimeters and
is approximately 252 K at a depth of YJ cm. The nain reason for
this increase of 45 K is the predominant role of radiative heat
transfer in the loosely packed upper layer. During the lunar
night, the surface temperature at Rima Hadley falls to 93 K. From
the cooldown history after sunset, it was deduced that the upper
2 cm of the regolith is characterized by a conductivity of

1.5 x 10-5 W/cm-K. Below this depth, the conductivity increases
rapidly and probably in a continuous manner until it reaches

values of approximately 1.5 x 10-a W/cm=K at depths where the
probes are emplaced.
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At Taurus-Littrow, the mean surface temperature is 216 K and,
as in the case of Rima Hadley, increases a few tens of degrees in
the upper 2 cm so that, at a depth of 67 cm, a mean temperature
of 254 K is measured. The minimum temperature just before lunar
dawn is 103 K, 10 K higher than that at Rima Hadley. This higher
temperature is primarily attributable to the existence of a rela-
tively high conductivity layer at a depth 2 cm below the surface.
From the point of view of thermal properties, the regolith at
Taurus-Littrow can be described as two layers: (1) an upper 2-cm,

loos ly packed layer of very low conductivity (1.5 x ‘IO_5 W/cm-K)
in which heat transfer by radiation predominates and (2) a lower

layer with much higher conductivity (>1.2 x 10—Ll W/cm-K) and high-
er density (1.8 to 2.0 g/cm3).

Subsurface temperature and conductivity measurements at
depths below 90 cm, where the large diurnal variations are negli-
gibly small, indicate a steady-state heat flow through the surface

at Rima Hadley of 3.1 x 10_6 w/cm2 and at Taurus-Littrow of

2.8 x 10"6 W/cm2 with an estimated error of +20 percent. Tempera-
ture and conductivity data are given in tables 10-IV to
10-VIII. These fluxes are deduced from average temperature gradi-

ents in the regolith between 1.3 and 1.7 K/m and an average con-

ductivity in the range of 1.7 x 10°% to 2.0 x 10°" W/cm-K.
Conductivity generally increases with depth in the regolith,
although some layering (high conductivity materials overlying
lower conductivity materials) is found at both sites. A conduc-

tivity value of almost 3 x 10 4 W/cm-K was measured at the bottom
of probe 1 at the Apollo 17 site. 1In some cases, thermal gradi-
ents decrease with depth in response t¢ the increase in conductiv-
ity. At Taurus-Littrow probe site 2, a large decrease in gradient
with depth is possibly attributable to a large subsurface boulder
close to the probe.

The heat flows at both sites are affected to some extent by
local topographv. Preliminary estimates indicate that a correc-
tion of -15 to -25 percent may be applicable to the Taurus-Littrow
values because of the adjacent massifs. However, a more refined
analysis is required.

The heat flow measured at the two sites is approximately

one-half of the average heat flow of the Earth (6.3 x 10 6 W/cmz).
If these two values are representative of heat flow from the Moon
as a whole, then a heat flow of one-half the: of the Earth
requires a heat production per unit mass for the lunar interior

of more than twice that of the Earth. This statement assumes both
planetary bodies are near steady state so that total surface heat
loss is nearly equal to the present interior heat productionn.
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Because the long-lived radioisotopes of potassium-40, ura-
nium-235, uranium-238, and thorium-232 are the principal source
of heat in the Earth and Moon, the heat flow results imply a two-
fold to threefold enrichment of uranium in the Moon relative
to that in the Earth. Lunar samples show that the abundance of
potassium relative to uranium is one-third to one-fourth that
of the Earth so that, in the Moon, uranium is the main contributor
to internal heating. At present, these isotopes must be concen-
trated in the outer 100 to 200 km of the Moon to avoid extensive
melting at shallow depth.

Reinterpretation of Earth-based measurements of microwave
brightness temperatures using the new data on regolith thermal
and electrical properties will be important in determining the
representativeness of the in situ lunar heat flow measurements.
Additional and more refined microwave observations of the Moon,
especially narrover beamed measurements over discrete portions of
the lunar disk, would be valuable in determining possible varia-
tions of heat flow over the lunar surface.

LONG-TERM DATA ANALYSIS

Figure 10-13 shows the 3.5-yr absolute temperature histories
at representative Apollo 15 and 17 probe sensors, Three dis-
tinct temporal components are apparent in the data: (1) A diur-
nal component (period = 29,53 days) is evident at the sensors
closest to the lunar surface. Below approximately 80 cm, the al-
most 300 K peak-to-peak surface variation is attenuated to a level
below the noise of the absolute temperature measurements. (2) Tem-
perature variations of 1-yr period are detectable at all sensors
within 120 cm of the surface. Althouyh the annual variation in
mean surface temperature due to the eccentricity of the Earth-Moon
orbit about the Sun is only approximately 3 K peak-to-peak, the

amplitude attenuation is only 1/V 12.37 that of the diurnal var-
iation. A significant annual component is evident in the more ac-
curate temperature difference data at depths up to 200 cm at the
Apollo 17 site. (3) At all sensors, there is an aperiodic tempera-
ture rise that is characterized by a decreasing magnitude and in-
creasing time delay before onset at greater depths. These tran-
sients were initiated during experiment emplacement when astronaut
activity disrupted the thermal and radiative properties of the sur-
face material surrounding each borestem. The subsequent effects of
local changes in mean surface temperature are detectable at all
subsurface sensors., It is estimated that reequilibration of the
deepest sensors to the new steady state regime will require 5 to

7 yr.
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Refinement of Subsurface Temperature Profiles

The identification and removal of diurnal, anrnual, and tran-
sient variations and the corrections for shallow sensor radial
fluxes allow reliable temperature profiles to be calculated at the
Apollo 15 probe 2 site and the upper saction of probe 1. Only the
probe 1 lower-section results have been previously reported for
Apollo 15, Figure 10-14 shows the steady-state temperature pro-
files at the Apollo 15 and 17 sites. Corrections at the Apollo 15
probe 1 lower section and at both Apollo 17 stations due to tran-
sient and annual effects were quite small (less than 5 percent)
and the results are largely unchanged from those reported previ-
ously (refs. 10-1 and 10-2).

The temperatures shown at 65 cm at the Apollo 17 stations are
thermocouple measurements that are cubstantially less accurate
than the probe sensor results. E: ept for probe 2 of Apollo 17
(65-cm temperature), all profiles are remarkably linear, suggest-
ing a vertical uniformity of bulk regolith thermal properties at
probe depths. The gradients indicated were calculated from a
linear least squares fit to the probe sensor results. The anoma-
lously low gradient at the Apollo 17 probe 2 appears to increase
significantly at shallower depths and may indicate a local disturb-
ance to the heat flow, because no comparable change in thermal con-
ductivity is indicated by the analysis.

Revised Regolith Conductivity and Lunar Heat Flow

The determination of regolith conductivity from the revised
diffusivity results requires specification of the regolith volu-
metric heat capacity. The specific heat of a number of lunar par-
ticulate samples have been measured (ref. 10-3). Results indicate
substantial variation with temperature but almost . ~ variation from
sample to sample. A value of 0.67 W-sec/g-K, measureu at 250 K,
is used for all probe depth conductivity calculations.

The bulk densities of drill core samples have bheen reported
by Carrier (ref. 10-4). The results from the Apollo 15 drill core

indicate densities that range from 1.7% to 1.84 g/cm3 from depths
of 40 to 160 cm. Because of disruption of the soil during drill-
ing, these data probably renr~~~nt minimum estimates of the in situ
values, Maximum density measurcments on Apollo 15 soils of 1.8 *

0.03 g/cm3 were obtained by Carrier (ref. 10~4). Thus, a reason-
able range of densities to use for converting the Apollo 15 diffu-

sivity estimates to thermal conductivities is 1.75 to 1.90 g/cm3.
Similar results for Apollo 17 soils lead to an estimated range of

1.83 to 2.09 g/cm>.
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Revised results are shown in figure 10-15. On the left, the )
thermal conductivities deduced from the long-term analysis are com-
pared with the point measurements made by the heater experiment de-
signed into the probe and reported earlier. Notice that these new
determinations are significantly lower than the earlier measure-
ments. The fact that the difference be -ween the o0ld and new meas-
urements increases with depth svggests that the difference may be
due to increasing compaction of the regolith around the drill stem
as the stem penetrated deeper and deeper.

Revised (solid line) and preliminary (dashed lines) heat flow
results are shown at the right in figure 10-15. The lowered heat
flow values are accounted for almost entirely by the revised con-
ductivity determinations. At the Apollo 15 site, a heat flow value

of 2.1 uw/cm2 is the mean of the two probe measurements; and, at

Apollo 17, the probe 1 value of 1.6 uW/cm2 is considered the more
reliable measurement. &g£rrors of the measurements, deriving primar-
ily from the resolution constraints of the annual wave diffusivity
deductions, are estimated at +15 percent.

s 2

FUNCTIONAL FLOW OF DATA REDUCTION

A flow diagram for the reduction of one lunation of data is
given in figure 10-16. Descriptions of the computer programs are l
given in the following paragraphs.

PROG6 (Diagnostic Dump of JSC Tape)

The PROG6 program reads the NASA Lyndon B. Johnson Space
Center (JSC) tape and prints the header records and the data
records on an online printer. The printout includes record num-
ber, time, station identification, bit error rate, data rate,
frame number, and ALSEP word 33 (that is, word 33 (oxdinal) of the
64 10-bit binary words (640 bits) that constitute one frame of the
ALSEP bit stream which spans an interval of 54/90 sec). The ALSEP
word 33 is given as a decimal equivalent of 10 binary bits. The
program recognizes end of tape (EOT) marks and will call exit upon s
encountering one. The following errors generate error messages:

1. Permanent read error in a record (code = 3)
2. Short record {(code = 7)

3. Long record (code = §5)
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PROG8 (Intermediate Reduction) and Intermediate Data File

The PROG8 program reads the JSC tape and prints the header
record on an online printer. Further (optional) printout includes
record numbers (in and out), time, station identification, bit
error rate, data rate, frame number, and ALSEP word 21 (that is,
word 21 (ordinal) of the 64 10-bit binary words (640 bits) that
constitute one frame of the ALSEP bit stream which spans an inter-
val of 54/90 sec). The ALSEP word 21 is given as a decimal equiv-
alent of 10 binary bits. The program recognizes EOT marks and
will call exit and rewind the JSC (input) tape upon encountering
an EOT. The following errors generate error messages and stop
execution:

1. Permanent read error in a reccrd (code = 3)
2. Short record (code = 7)
3. Long record (code = 5)

The output of this program, which is stored in the "Intermediate
data file (disk file 19)," is the same data that appear in the
(optional) printout.

The usual sampling sequence for the HFE (mode 1, sub-
sequence 1; or full sequence) includes all the data points except
those for the ring bridges. A full sequence covers an interval
of 7.2 min in the ALSEP bit stream. (Two consecutive ALSEP 21
words are required for one "N-value"; four consecutive N-values
constitute one data point; one full sequence consists of 16 con-
secutive data points; and the HFE has allocated to it frames 0
through 15 of every 90 frames (54 sec).) The routine reduction
procedure only stores every eighth usable full sequence of data in
file 19. If the full density option is being exercised, or if the
sampling sequence is other than usable mode 1 sub-sequence 1, all
the available data are stored in file 19. There are also provi-
sions for printing and/or storing and/or dumping bad or unusable
data if such is desired.

PROGP (Complete Reduction) and Reduced Data File

The PROGP program reads the "Intermediate data file (disk
file 19)" and reduces the ALSEP 21 words to temperatures and tem-
perature differences. The reduced data for one lunation are
stored on tape and in disk file 17. Associated with each complete
se¢uence of data points is the time corresponding to when the
sequence began and a code word containing mode, sub-sequence, and
heater state. (The disk data contain the mode and sub-sequence
information implicitly and do not contain the heater state infor-
mation.) The routine reduction procedure reduces all the data ]
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that are in disk file 19 unless it is considered nzscessary to
reduce the data density further (e.g., to satisfy storage reguire-
ments (2400 records in disk file 17 or one tape per .unatior)) in
which case any desired density can be obtained for a particular
sampling mode and sub-sequence. The online printout for PROGP con-
sists of mode changes, reduced data sequences (optional), and/or
errxors that cccur therein (optional), and/or bad or unusable data
(optional). There are also provisions for storing and/or dumping
bad or unusable data if desired.

DATAL (Postreduction Processing), Lunation Printout,
and Lunation Plots

The DATAL (datalook) program has three independent functions
all of which operate on or from disk file 17 (reduced data for
one lunation):

1. Reading the reduced data tape for a lunation and storing
the data in file 17, This function is rarely used and is intended
primarily to cover mistakes in the routine postreduction
processing.

2. Printing all the reduced data for one lunation on the
online printer from file 17. Two copies of this printout are
routinely made; one for the permanent reduced data file at the
Lamont-Doherty Geological Observatory (L-DGO) and one for NASA.
The printout format consists of two identical title pages that
specify lunation, days of the year spanned by the lunation, anl
the year in which the lunation occurs, followed by the lunat 'on
data in the following three sets.

a. FProbe 1 data for modes 1 and 2 with summary
statistics.

hb. Probe 2 data for modes 1 and 2 with summary
statistics.

c. Mode 3 data for both probes with summary statistics

3. Ploiting all the reduced dGata for one lunatior from disk
file 19. The oricinal plot is stored in the L-DGO permanent
reduced data file. Three 50-percent (black-and-white) reproduc-
tions are made for distribution to the principal invastigators and
other interested people. The data for each sensor (or pair of
sensors in the case of gradients) are plotted separately except
for the thermocouples, four of which are superposed on cne grid
with the reference bridge temperature for that probe. The plots
are arranged to facilitate comparison of senscr data for different
sensors. Superposed on the time axis of each plot is a Sun angle

10-36

b e -Mt

- g i



—

grid fcr relating sensor data with the Sun's position as seen from
the experiment.

HFA21, HFA22, and the Master Disk Files

The HFA21 and HFA22 programs transfer to master disks O0A21
(probe 1) and 0OA22 (prcbe 2), respectively, the lunation of data
resicding in the reduced data file (disk file 17). The data for
each pair of sensors are stored in a separate file except in the
case of thermocouples, which are all stored in one file with the
corresponding reference bridge temperature for that probe. The
data in each file are in chronological order. There is also a
file of file pointers for bookkeeping purposes. When the data are
transferred, two modifications are performed.

1. The correct time for each data point is computed by
adding a constant to the time the data point sequence began, where
the constant depends on when the data point occurs in the se-
qguenc: . This correct time is stored with the data on the master
disk.

2. The temperatures and temperature differences are con-
verted to integer values, which permits storage of up to 3 yr of
data for one probe on one disk.

THE L-DGO MASTER DISK ORGANIZATION

For each experiment, all data are stored on two L-DGO master
disks, one for each probe. Each disk can hold approximately 3 yr
of data, and each disk consists of six files that are described
as follows.
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Maximum
number of
2 Length of records
File Description of data record in file
1 T and AT of upper section 4 disk words3 30 000
gradient bridge
2 T and AT of lower section 4 disk words 30 000
gradient bridge
: 3 Thermocouple temperatures 8 disk words 30 000
B 4 T and AT of upper section 4 disk words 1 200
: ring bridgeu
5 T and AT of lower section 4 disk words 1 200

ring bridgeu

~

Present record count for each 7 disk words
file and time of last
record on disk

THE L-DGO NSSDC TAPES

The L-DGO tapes prepared for NSSDC are described here.
Machine format specifications: 7 track, 800 bpi, standard IBM
interrecord gap, odd parity, data convert "on," translate "off."

There is no end of file.

2

The first t*o disk words in each record on files 1 to 7

give the time in milliseconds since 00:00 January 1, 1971, for

Apollo 15; since 00:00 January 1, 1972, for Apollo 17 as a float-

ing point variable.

3To save space, the data are converted from real to integer

format by multiplying by an appropriate power of 10 and truncating

the meaningless fractional part (which is smaller by an order of

magnitude than the precision of the apparatus).
U4

Each data point in this file is the average of about 10

contiguous values measured during a ring-bridge survey.
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Data organization: There is one 183-m (600-ft) tape for each
probe, and there are five groups of data on each tape.
physical record for each group equals 100 logical records.)

Grou Type of data
Lroup lype oi data
1 Time, T, and AT of upper section

gradient bridge

2 Time, T, and AT of lower section
gradient bridge

3 Time, T, and AT of upper section
ring bridge

y Time, T, and AT of lower section
ring bridge

5 Time, blank, reference bridge and
thermocouple temperatures

Each tape contains data for a period of 1 yr.

DATA ARCHIVED AT NSSDC

As a year of reduced L-DGO data become available,

Size

logical

(Size of

of
record

3 real

3 real

3 real

3 real

7 real

words

words

words

words

words

the data

are transferred to a magnetic tape (one for each probe) from the
master disks with no modifications or editing.

documentation are sent to NSSDC.
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