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I. INTRODUCTION

The Technical Supporting Studies Plan DRD No, MA-091T
under NASA/MSC Contract NAS 9-11528, "Task I. Principal Investi-

gator Services, "

calls for "acquisition of information about the UV
albedo of the moon in the spectral region 1175 to 1675 in order to make
it possible to roughly predict the observed signal during the Apollo 17

UVS observations of the lunar surface, ' This special report gives

the initial result of that search.

II. RESULT OF SEARCH

Search of the literature, and inquiry among knowledgeable
scientists, indicates that no data at all are available concerning the
UV reflectivity of the moon in the spectral range of interest, There-
fore, we are, in a separate action, proposing to the National Aero-
nautics and Space Administration that we be provided with sanples of
lunar dust material with which we can make our own laboratory measure-
ments of the albedo. This proposal is attached as Appendix A.

When the samples have been obtained, and the measurements
made, a further special report will be made giving the results.

A considerable body of literature exists concerning the diffuse
reflectivity of the lunar surface in other spectral regions; particularly

relevant papers are reproduced as appendices to this report. Of special

side of the moon above 1900 A, This is the nearest in wavelength to our

region of any report we have located,




'111. CONCLUSION

By obtaining lunar samples and performing the measurements %
described in Appendix A, we will be able to acquire the information

required.
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Introduction

This proposal has been prepared by Dr. Richard C. Henry,
istant Professor of Physics, The Johns Hopkins University, Home-

d Campus. It is submitted in conjunction with Technical Support

dies Plan DRD No. MA-091T under NASA/MSC Contract NAS 9-

528.

Mr. William G. Fastie, Adjunct Professor of Physics, The
'ohns Hopkins University, has agreed to serve as co-investigator for
this experiment. Professor Fastie is Principal Investigator under the

bove-mentioned contract.

Facilities used will be the Spectroscopy Laboratory of The
Johns Hopkins University, and the Apollo Calibration Facility of the
Johns Hopkins University. The latter is described in DRD JHU-I-UVS
"Calibration Plan for Ultraviolet Spectrometer Experiment S169",
‘which represents Contract NAS 9-11528 Task I, and '"Response to
NASA/MSC Contract Change Authorization No. 5' to the above con-

tract.




I. Summary

We propose to determine the far ultraviolet diffuse reflecti-

vity of samples of lunar dust material. This proposal is specifically
for the purpose of obtaining appropriate samples. Equipment for
measuring the diffuse reflectivity of materials (e. g. paint samples)

is already in existence at this university (as described above) and
would need only minor modification for the proposed experiment which
will include the measurement of the polarizing properties of the lunar
samples. Measurements can be made as a function of both illumination

angle and angle of observation.

1I. Background

NASA/MSC Contract NAS 9-11528 calls for the study of the
lunar surface and lunar atmosphere using a far ultraviolet spectro-
meter on board Apollo 17. The spectrometer will be in the Apollo com-
mand module, and normally will be pointed at the lunar surface. Addi-
tional modes allow observation of the galactic background. The condi-
tions when the lunar surface is examined may be summarized as
follows:

a) moon dark (dark current measurement)

b) surface dark, atmosphere illuminated (measurement
e

¢) surface illuminated (measurement of lunar albedo)




It is in connection with operation c¢) above, that the present
proposal is made. Measurement of far-ultraviolet albedo (reflectance)
of laboratory samples of lunar dust material will allow the in-orbit
measurements to be interpreted much fnore completely. Knowledge
of the albedo of the lunar material is also essential in planning the
time-line for the use of the spectrometer in Tunar orbit; thus it is
very important that our measurements be made without delay. The
Apollo 17 landing site will be measured from orbit, and samples from

that site also are requested for measurements in the laboratory.

I11. Previous Work

An excellent general summary of the optical properties of the
lunar surface is given in "The Nature of the Lunar Surface' (The
Johns Hopkins Press, Baltimore), which summarizes the 1965 [AU-
NASA symposium. Chapters particularly relevant are "Optical
Properties of the Moon's Surface' by B. W. Hapke (p. 141), "The
Application of Polarized Light for the Study of the Moon's Surface"
by A. Dollfus (p. 155), and '"Radio Measurements of the Moon, "' by
F. Drake (p. 277). At that time, no data on the ultraviolet reflectivity

of the moon had been published.

surements in the far ultraviolet, particularily to wavelengths short of




..4_-

1900 2 , have not been made; this is the gap that we propose to fill.
Lebedinsky et al. measured the albedo of the moon in the 1900-2750 2
range with 14 R resolution using an ultraviolet spectrometer on the
Zond-3 space probe. They obtained an albedo of 1 to 1. 5%; the re-
sult is shown in detail in Figure 1. We expect to extend these mea-
surements down to about 1000 . We have made an informal inquiry
among lunar scientists and we find apparently no measurement in

this range (1000 to 1900 &) has been made.

IV. Instrumentation

The ultraviolet reflectometer as it presently exists at the
Apollo 17 Calibration Facility of the Johns Hopkins University is
illustrated in Figure 2. Briefly, it consists of a hydrogen light source,
giving strong emission lines at 1216 2 and molecular band emissions
throughout the region below 2000 R . This light enters an Ebert
spectrometer, which disperses it and passes it into the reflect-
ometer. The monochromatic diverging beam is collimated and
directed onto the sample for which the reflectivity is desired. A
photomultiplier tube is placed on a movable mount and can be swung

(from outside) to observe the reflected intensity as a function of angle.

the sample, so that the observations can be placed on an absolute

basis.
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Far ultraviolet reflectometer for

measurement of the reflectivity of
mirrors, paint samples, and lunar

dust samples.



Two modifications will be made before making lunar dust
sample measurements:
a) A Triple Reflection Polarizer will be constructed and in-

serted in the system just outside the exit slit of the spectro-

meter. This is to allow determination of the polarization
properties of the instrumental system and of the lunar
samples. The polarizer is described in Applied Optics,
volume 8, no. 3, page 667 (V. G. Horton, et al.)

b) A right-angle bend in the system will be introduced follow-
ing the polarizer. This will offer the advantage that a
dust sample can be measured: in the present configuration
the sample must be solid, but with the right-angle intro-
duced the sample can always lie on a plate that is perpen-
dicular to the direction of the earth's gravitational field

and will be held in position by that field.

V. Procedures

it is proposed that measurements of the diffuse spectral re-
flectivity of lunar samples be obtained, as a function of the following
parameters:

a) angle of incidence: various values between 0° and 900,

b) angle of reflection: various values between 0° and 90°,
for each of the angles of incidence under a).




c) polarization: to be studied for each situation under a)
! and b) above.

d) wavelength: a range of wavelengths from about 1000 R
to about 2200 & ; this would allow some overlap with pre-
vious work.

About five samples are requested, and should be from any
Apollo landing sites up to the present. As great a variety as pos-
sible in optical appearance is requested. Additional samples should
be provided from the landing site of Apollo 17. The latter is important

as we have proposed to study the albedo of the lunar surface from

orbit during Apollo 17, and will make concentrated observations
from lunar orbit of theylanding site for that mission. Comparison of
the laboratory and orbital measurements will be essential in under-
standing the meaning of the orbital observations for other positions

on the moon.

VI. Samples Requested

It is requested, therefore, that the following lunar samples
be provided to the Principal Investigator for the experimentation des-

cribed above:

a) About tive 1/10 ounce specimens of lunar surface dust
~1

obtained on any Apollo missions. These sampies are

needed immediately, as preliminary determination of
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the far-ultraviolet albedo of the dust is urgently needed

e

in the Apollo 17 engineering f)lanning.

b) About three 1/10 ounce specimens of lunar surface dust
obtained on Apollo 17, to be delivered to the Principal
Investigator as soon as possible after the Apollo 17

mission is completed.

These samples will be retained by the Principal Investigator
until July 1, 1973, at which time it is anticipated that the work described

will be completed.

VII. Sample Care J

The Physics Department at the Johns Hopkins University owns
two substantial safes, one of which contains "medium security' items
and the other "high security' items. The combination of the latter
safe is known only to the Department Chairman, Dr. George Owen,
and the Administrative Assistant, Mr. J. A, O'Brien. It is proposed

that the lunar samples be stored in the high-security safe, under the

Principal Investigator's supervision.




The tests proposed are non-destructive. The samples,
however, are dust, and some loss will be inevitable. We judge
that no more than 5% of the samples will be lost during the entire

period of testing.

Budget

No funds required.




Appendix A to Proposal

References on the Lunar Albedo

A) Ultraviolet

Johnson, M. C., Vacuum Ultra-violet Scattering Distributions,

Applied Optics, 7, 5, p. 879-881, May 1968.

Lebedinsky, A. 1., V. A. Krasnopolsky, and M. U. Aganina,

"The Spectral Albedo of the Moon's Surface in the Mid
Ultraviolet according to data from the Zond-3 space

probe, ) Moon and Plants II, North Holland Publishing

Company, Amsterdam, p. 47-54, 1968.

B) General

., Cremersg, C. J., and Dawson, J. P., "Directional
Spectra and Total Reflectance of Lunar Material, " Prioceed-
ings of the Apollo 11 Lunar Science Conference, Volume 3,

p. 1993-2000.

Conel, J. E., and Mash, D. B., "Spectral Reflectance and Albedo
of Apollo 11 Lunar Samples: Effects of Irradiation and Vitri-
fication and Comparison with Telescopic Observations, "

ibid, p. 2013-2024.

Gold, I'., Campbell, M. J., and O'Leary, B. T., ""Optical and
P y

2

High-frequency Electrical Properties of the Lunar Sample, "

ibid, pp. 2149-2154,
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Adams, J, B.
Johnson, T. V.
McCord, T. B.

Burns, R.

Perry, C. H.
Anastassakis, E.
Lowndes, R.

Appendix B to Proposal

Currently-Approved Reflectivity
Measurement Experiments,
Apollo 14-17

September 1971

Institution Approved Investigation

College of the Virgin Is. Visible and Near-Infrared

M.I. T. Reflection Spectroscopy
M.I. T.
M.I.T. Optical Absorption and

Specular Reflectivity

Northwestern University Infrared Absorption and
Northwestern University  Light Scattering Spectra
Northwestern University
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MOON AND PLANETS Il-NORTH-HOLLAND PUBLISHING COMPANY, AMSTERDAM '

THE SPECTRAL ALBEDO OF THE MOON'S SURFACE
IN THE MID-ULTRAVIOLET ACCORDING TO
DATA FROM THE ZOND-3 SPACE PROBE

A. I LEBEDINSKY, V. A. KRASNOPOLSKY and M. U. AGANINA
USSR

Abstract, Fourteen spectra of the Moon's surface have been obtained in the 1309 -
2750 A wavelength range with 14 A resolution using an ultraviolet spectrophoto-
meter flown on the Zond-3 space probe, Examination of the spectra has shown
that the Moon's mean albedo in the ahove spectral range is about 1 - 1.5%, A
sharp increase in brightness in the 2420 - 2470 A range was found in all the spec-
trograms which is likely to be connected with the Moon's surface luminescence.
Thisa effect is different in various spectrograms and results in a 10 - 307 excess
of brightness. The spectra obtained relate mainly to the continental regions on
the remote side of the Moon as photographed with the Zond-3 phototelevision cam-
era. The optical axes of both instruments were aligned and the monochromator
viewing field was about 2,5° in diameter. which corresponded to the reseclution on
the ground of the order of 500 km. The determined optical characteristics should
therefore be considercd as being a result of very significant averaging. and the
possibility Is not excluded that the Moon's surface luminescence within smali re-
glons proves to be more intensive. The results of the laboratory studies on ter-
resirial! rocks are known from previously nublished data. None of this data. how-
ever, corresponds to the reflecting characteristics of the Moon's surface. It is
possible that thcae differences are connected not with the chemical or mineralog-
fcal composition of the lunar rocks but with the features of the surface appearing
as a result of long "treatment® of the surface in vacuum by various specific fac-
tors such as micrometeorites, solar wind, hard corpuscular and electromagnetic
radiation, .

Pouanue: C NONOWEN YABTPAQUONETOBOre CREKTPOQOTOMETPS, YCTAHOBREHHOTO Ha AMC "Souz-3", mozy-
yeno I4 cnoirpos AynHOR NOBEpXHOCTH B MHTEpnaie RAmi Boax 1900-2750 Rc pa3gecared oo~
coduoctsn 14 X. WayucHus CNCKTPOB MOKA3ANO, YTO CpeRHee ansbelo odpaTHON CTOFCHX SyHE 3
yiosauuofl cnoxTpansioll odancTy cocrapaneT okono 2%. Peaxoe nosumeHue APKOCT ITHI[FIEHO
a8 BCEX CHOKTPOrpaMuax B HECKONBKMX HHTOPBONEX, YTO MOXHO fONAraTh CBAIAUHNM O Jrutiscliev-
guelt ayHuoft nomepxHoctTH. 70T GYOKT PAINMYCH HA PA3NUUHNX cnexTporpasmuax # ii2r ¢t I0 o
S0% MalKTRE RPKOCTH.

foryuehnue crextpi B OCHOBHOM OTHOCATCR K MATCPHKOBHM PBROHAM O6PATHOR JIJFOMK JAYHN,
cdororpadupo pantun $OTOTCaEBUIHOHRON Kauepolt cTakyud "3onz-3", OnTavecKue dod ITJAX NPU=~
GopoB OuAM YCTANOBAEHH MAPONJAGABHO, 8 MONE 3PAHMA MOKOXPOMATOP3 “USN0 AMAMITE JX020 3,40
THAAycos, WTC COOTBETCTBOB2NO paspeuapmed CROCOOHOCTY KO MECTHOCTA MOPRL%A 330 4. 133T0-
MY ORPEACAACUNC ONTHYCCHHE XOPAKTEPHCTHKN CRCAYST P3LUMATPABATH K3X PedyibIarT INeud i~
OIS SCpeAHONUL, U Me uCoUNMUENS BOIUONHOCTH, YTO B MPENENAX ¥IIHX YYSCTHOB ICMLASSLEHLMA
BYHHOR MOBEPXUOCTH OKBXLTCA HOMHOTO Oonee muTCicnsiioft,

flo ONYCAYKOBONKEM LGHHUM M3BECTHH PE3YRABTATH WCCACAOBAHUR B RACHPITOPHNX YCIIBARX

paanuuriy o8pa3UOR IEUHNY RODOR. OT.D!!!QTGHLHHB XQDEHTEDHCTURA AYHUOR NOBEDXHOCIA Ke NOXO~

q
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- presents the cnergy distribution in the solar spectrum [12,13] averaged in
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ZK UK M3 OZRHH ¥3 HAX. Bo3woxio, 4TO 3TH OTAMUMA CBASAHH HE C XUMMUYECKMM WAX MuHepasora-

YECKHM COCTU30N AYKHNX ROPOA, 8 C OCOGEHHOCTHMH MOBEPXHOCTA, BOSHUKELUMMH RpH AAMTCAENON
ee "o0pa~oTk=™ B BaKyyMe pasnvunsMy cneyquduueckaMu (AKTOpaMM, KAK-TO: MUKPOMETEOPHUTaMM,

CORNEUNHM BETpPOM, XECTHO} KOpnycKyAspHOR M 3AeKTPOUSTHUTHON pannoyuuel.

The lunar surface reflectivity was measured photoclectrically in the
1900 - 2750 A wavelength range with a resolution of 14 A, and the Moon
was also measured spectrographically in the 2800 - 3550 A -~ange, from
the Zond 3 spaceprobe which passed by the Moon on 17 July 1965. The
equipmient, calibration, and initial treatment of the material obtained have
been described in refs. [1,2]. The dependence of the Moon's mean albedo
on the wavelength has also been obtained in the above-mentioned ranges,
the absolute standardization of the spectrographic measurements being
carried out according to the data of Moon observations from the Earth in
the near ultraviolet range [3,4] which agreed well with the mcasurement of
the excess of the Moon's color [5,6]. The Moon's photoelectric spectra
were averaged, ref. [1], omitting the indicatrix of reflection for the Moon
and mutual orientation of the optical axis of the instrument, solar ray and
measured site. The coincidence of the calculated values of the albedo on
the long-wave edge of the photoelectric data and at the short-wave edge of
the photographic spectrum, however, indicated that the result did not ma-
nifest a great error.

For more accurate averaging and for further treatment of the material,
it was necessary to obtain the trajectory of the optical axis of the instru-
ment over the lunar disc. This trajectory was reconstructed for nine of fif-
tecn photoelectrical spectra. For this purpose the telemetric data on the
performance of various systems aboard Zond 3, the phoiographs of the lunar
sur{ace and the map of the Moon's remote side plotied on the basis of these
photographs [7] were used.

Agsuming that the indicatrix of reflection for the lunar surface in the
middle ultraviolet is thc same as that for visible light, we recalculated
further the monochromatic brightness of each measured area of the lunar
surface at the full Moon, when this brightness should not depend on the lo-
cation of such an area on the lunar disc. It was assumed in this recalcula-
tion that the brightness distribution along the equator of the Moon is deter-
mined by the group of the curves obtalned for various lunar phases by Or-
lova {8] and, more precisely defined, by Minnaert [9,10] and that the bright-
ness meridians, i.e. large circles perpendicular to the brightness equator
are the isophotes.

The spectral intensities so recalculated were averaged, i.e. the average
spectrum of the Moon's remote side was obtalned during the full Moon and
is shown in fig. 1a by the solid line, The dotted line in the same figure re-

15 A intervals with an increment of § A, the intensities belng divided by .

In other words, fig. 1a is the comparison of the Moon's ultraviolet spectrum
at full Moon, 7 , with the gpectrum of the white surface, !@/:.', represent-
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ing the solar curve according to Lambert's law. The white surface is two
orders brighter than the lunar surface. The scale of the ordinate is differ-
ert at the right and left sides of the plot. The scale for the lunar surface is
indicated at the right and left of the vertical line which divides the plot; that
for the white surface is indicated at the sides of the plot.

The black circles in fig. 1b indicate the values of the mean factor of the
monochromatic brightness of the lunar surface (the spectral albedo),

FI!LZ‘—; i.e. the ratio of the ordinates of the curves in fig. la. U the val-

ue p,\ ls multiplied by the factor ¢ = 0.66 [13] then &) (the monochromatic
spherical lunar albedo) is obtained. The factor ¢ is determined by the phys-
ical strycture of the lunar surface and it is therefore reasonable to assume
that this factor is the same for the ultraviolet radiation as for the visible
part of the spectrum.

The line drawn through all the points gives the dependence of the lunar
albedo with wavelengths; the curve is very remarkable. The preliminary
study which we carried out of the spectra of some rocks as well as those
treated in the atlas compiled by the IIT Research Institute in Chicago [11]
of the spectra of 37 rocks show that the wavelength dependence of the albedo
of minerals is represented in the ultraviolet range by a smooth curve with
the absence of appreciable details in intervals smaller than 100 A.

The exarnination of possible systematic errors in the measurements
shows that these errors should not adversely affect the smoothness of the
averaged curves. One may speculate that these errors could result in a
rise of the albedo curve in one interval and in a lowering in other intervals.
The same applies to possible errors in the measurements of the solar spec-
trum. Thus, only the statistical errors of averaging may be of great im-
portance in I_-_!\n formation of small details of the lunar albedo curve.

In fact, the Moon was observed from Zond 3 as a disc having a dlam-
eter of about 18°. The viewing field of the instrument was about 3%, Nine
measurements localized on the disc were carried out in each wavelength,
Hence, about one-fourth of the lunar disc observed from Zond 3 was studied
in each wavelength.

The photographs obtained from Zond 3 have shown a fairly high degree
of homogeneity of the arca studied on the remote side of the Moon which
has mainly a continental structure. However, in the ultraviolet light, the
lunar surface appcars to be much less homogeneous and this property of the
lunar surface may be a means of studying its finer characteristics.

In each wavelength of the studied spectral range, the measurements were
carried out at nine points of known selenographic coordinates. The scatter
of these 9 values will be denoted as A). This scatter is shown in fig. 1b
(the right scale, empty circles). The scalter was calculated as follows.
Let x5 be the observed monochromatic intensity in the ith spectrum at the
wavelength X and ¥ be the intensity reduced to the conditions of observa-
tion of the same arca of the lunar surface at full Moon, i.e. under the con-
ditions which might take place at a certain moment at the appropriate tra-
jectory of Zond 3.

The values 4, presented in fig. 1b have been calcul.tted using the formula
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11 %
Ay = = — Sy -
XT3y, i |y1)\ yals
where y) is the average of nine values of y;, shown as the black circles in
fig. 1b. '

The value of the scatter of Ay characterizes the degree of the lunar in-
homogeneity in various wavelengths, but it does not show a systematical
change with the wavelength. On the average A = 16.5% which corresponds
to the mean square root deviation o = 22% for the normal distribution of
probabilities. Since our selection included ten values, then the accuracy
is o ~ 8%. These values make it possible to evaluate not only the contribu-
tion of the statistical errors but to also give the characteristics of the lunar
surface Inhomogeneity.

The complicated form of the curve of the spectral albedo, p, may be in-
terpreted as the result of superposition of the bright bands with a width of
tens of A onto the smooth energy distribution in the spectrum. The origin
of the bands may be of two kinds. They are either the spectral bands of the
albedo of lunar minerals or the bands of fluorescence occurring under the
influence of the external factors, for example the solar ultraviolet radia-
tion or corpuscular streams, Generally speaking, these two possibilities
may be distinguished according to the presence or absence of the dependence
of the intensity of the bands with time, but this problem is not included in
the present report. Without analyzing the physical mechanics of lumines-
cence, we shall simply consider the observed spectrum as the sum of the
smooth spectrum plotted within the change errors along the lower edge of -
the scatter of the black circles in fig. 1b (thick curve) and the spectral
bands which will be conditionally named emission bands, For comparison,
fig. 1b shows the curve (dotted iinc) corresponding to the averaging of the
values of A, in the 60 A interval carried out with a 7.5 A increment.

The calculation of the probability of the statistical deviations of individ-
ual values from the curve which approximates these values shows that the
point scatter observed in fig. 1b cannot be explained statistically. This
forces the assumption that some groups of the points which protrude outside
of the average curve or do not reach it are the existing details connected
with either the spectral bands of the Increased albedo or the luminescence
of the lunar surlace. '

Since an appreciable dependence of Ay on the wavelength is absent with-
in the studied spectral range, it is possible to plot a single distribution
function for A, which characterizes the degree of the color diversity of the
" lunar surface in the studied range of the middle ultraviolet. This function
is presented in fig. 2. The observed values are shown by the points, and the
curve of normal law with a dispersion of 22% is plotted as the solid line.
The deviations from the curve of the normal distribution law are most like-
ly due to the fact that on the remote side of the Moon there exist an ultimate
number of areas having a dimension of the order of that of the field of view
of our instrumcnts, between which transient regions exist. ‘ ’

As was indicated above, the thick line in fig. 1b is drawn approximately
along the bottom edge of the distribution of the individual values of p,, tak-

S8
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Fig. 2

ing into account the probable statistical scatter, The statistically unlikely
excesses over this curve will be considered as the emission bands. The
spectrum of the bands so obtained is shown in fig. lc.

It is likely that about 15 emissions are present here, some of which
overlap and form broader bands. One or two of these bands may be pro-
duced by statistical scatter. On the other hand, it is likely that the curve of
the true albedo is even lower and in this event the luminescent emissions
will increase but a continuous background between the emissions and the
new bands will appear.

The emission bands in fig. 1c have equivalent widths of the order of 15 -
30 A at'a mean intensity of about 0.01 erg/cmzsec.A. ster. which is two ~
three orders lower than the solar ultraviolet energy which is capable of
producing the luminescence in these wavelengths, and is also lower than the
energy of the corpuscular streams and solar wind.

When examining the 15 spectra avallable to us, one may clearly sec the
recurrence of emission bands in individual spectra.

In order to judge the emission distribution over the lunar disc, eight
wavelengths marked with arrows in fig. 1c have been selected. For these
wavelengths, ), the differences zp; = y); - » (i = 1,...,9) have been for-
mulated the spectra bound to coordinates. The values of z,; were plotted
on the lunar map and averaged inside a circle with a radius of 10 degrees of
the selenographical latitude, {.e. the circles corresponding to the area were
about half the viewing field of our instrument. The obtained averages 2(b, J)
were plotted on one of the photographs obtained from Zond 3 which is pre-
sented in fig. 3.

As canbe secn from fig. 3 the distribution of 2(b, ]) has its peak at the
point with the following coordinates: 20° latitude and 110° longitude. The
values of z{b, !} are decreased when approaching that edge of the lunar disc
where the Oceanus Procellorum is located,
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When comparing the spectral albedo obtained by us for the middle ultra-
violet with the data of the observations from the Earth in the near ultraviolet,
one should bear in mind the fact that a purely continental region of the lunar
surface was observed by Zond 3 and that the disc visible from the Earth is
occupied mostly by the seas. Therefore in order to obtain comparable data,
it is necersary to increase the albedo determir-d as a result of the tele-
scopic observations by a factor of about one and a half.

The comparison of the smooth portion of the spectral lunar albedo with

Bha Yahiamnboace con ban SP EL o dommoadninY weales ahbnainad [
the laboratory spectra of the terresirial rocks obtained both by us and by

Walts in Chicago [11], has not yet permitted identification to be made.
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Optical Properties
of the Moon’s Surface*

B. W. Hapke

APPENDIX C

Center for Radiophysics and Space Research, Cornell University, Ithaca, New York

I would like to discuss the optical properties of
the moon’s surface and what can be deduced con-
cerning the outermost millimeter or so of the lunar
surface when these properties are combined with
appropriate laboratory studies. I believe that the
optical evidence gives very strong indications that
the lunar surface is covered with a layer of fine dust
of unknown thickness.

The moon’s surface is characierized by a number
of rather unusual optical properties, which are
summarized in Figure 7-1. The brightness peaks
at full moon, when the source is directly behind the
observer, that is, when the sun is directly behind
the earth. The brightness decreases sharply as the
phase angle increascs from 0 degrees. This is true
no matter what part of the lunar disk one is
observing. The upper part of Figure 7-1 gives two
typical curves illustrating how the brightness of two
areas vary as the angle of incidence ¢ changes. The
upper left curve is for an area on the 0-degree
meridian of longitude, e being the angle of observa-
tion. The upper right curve corresponds to an area
on the 60-degree meridian of longitude as the angle
of incidence changes. The shape of the curves is
apparently independent of latitude; one gets a
similar sort of photometric function for any lunar
latitude as long as the longitude remains the same.
There is some scaiter about these mean curves for
various areas on the lunar surface, but the de-
partures from thc mean curves are not nearly as
significant as the range of values which the reflec-

* This rescarch has been sponsored by a grant from the
National Aecronautics and Space Administration.
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tion law for a varicty of different kinds of surfaces
can take.

In the lower left of Figure 7-1 are shown curves
of polarization as a function of phase anglc ¢. The
shape of the curve is very nearly independent of
position on the lunar surface. The polarization is
negative for phase angles less than about 23 de-
grees, and goes through a negative maximum of
about 1.0 per cent. Then at 23 degrees or so, the
polarization becomes zero and the plane of polar-
ization rotates 90 degrees. The polarization then
goes through a positive maximum, when the phase
angle is around 90 to 110 degrees, depending on
the area observed. The brighter areas, such as the
highlands, generally have lower positive polariza-
tion and the darker areas, such as the maria, have
higher polarization. The position of the maximum
may be shifted a little bit toward larger phase
angles for the darker areas.

The color of the moon is rather significant: it is
redder than sunlight. The lower right part of
Figure 7-1 shows color differences on a magnitude
scale versus wavelength for various areas on the
lunar surface. These data have been corrected
to a color difference of zero at a wavclength of
5,600 X, which is the wavelength of the green
filter we use.

It is convenient to characterize these photo-
metric curves by a number of parameters. The first
parameter is the normal albedo 4., which is the
brightness of the surface relative to the brightness
of a perfectly reflecting, perfectly diffusing surface,
both arecas viewed and illuminated normally. The
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Figure 7-1: Photometric characteristics of the lunar surface.

range of normal albedo on the moon is from 5 per
cent to about 18 per cent.

The shape of the backscatter curve can be char-
acterized by the backscatter ratio, B,, which is
the ratio of the brightness at ¢ = 60 degrees and
¢ = 0 degrees to the ratio of the brightness at
¢ = 60 degrees and i = 56 degrees. These two
points arc shown in the upper right curve of Figure
7-1. The backscatter ratio for the moon is about
0.34 10 0.48.

The polarization can be characterized by three
parameters: the point of ncgative maximnum, the
inversion angle, and the point of the positive
maxiimum. On the moon the negative maximum
has the range of about 0.9 to 1.3 per cent, the
inversion angle from 22.5 to 23.5 degrees; the value
of polarization at positive maximum ranges from
about 5 1o 17 per cent, and ihe position of the
positive maximum is 90 to 120 degrees.

We miieasured the color of our laboratory surfaces
at 4,250 A, 5,600 X, and 6,450 &. B-G refers to the
brightness of the surface at the position of the blue
filter on a magnitude scale relative to the bright-
ness at 5,600 }1, and similarly for R-G, which refers
to the red filter. Lunar values of B-G are from

about +0.30 to +0.50, and of R-G, from —0.20
to —0.30.

The fact that every area on the lunar surface
possesses these unusual optical characteristics shows
that they must be exogenous and are not due to
some peculiar property of lunar lavas or to some
other internal cause. I suggested a few years ago
that these rather remarkable lunar photometric
properties could be explained as the result of
micrometcorites impacting the lunar surface and
pulverizing it to a very high degree. The resulting
dust would be acted upon by the solar wind,
darkening and otherwise altering the optical char-
acteristics of the dust. If this suggestion is correct,
then if we take a rock of the proper composition,
grind it up, and irradiate it with protons of a few
kilovolts energy to simulate the solar wind hitting
the moon, the resulting mmaterial should possess the
proper photometric properties.

Figure 7-Z shows the photometric propertics of
hydrogen-ion-irradiated dunite powder. If the
solar wind is impacting the moon at the same flux
as measured by Mariner II, the radiation dose
which this powder has received would be equiva-
lent to somcthing like 100,000 years on the moon.
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Figure 7-2: Photometric properties of dunite powder
(size < 7u) after 65 coul/cm? of H-ion irradiation.

The photometric properties of the dunite powder
reproduce those of the moon quite well.

The remainder of this paper is devoted to a
discussion of some of the properties of surfaces that
affect their photometric characteristics; whether
one can deduce that other types of surfaces could
not have these photometric properties; and the
compaosition of the lunar surface. In the laboratory
studies about to be described, I have been helped
by Hsiu Yung Chow and Eddie Wells, graduate
students at Cornell University. .

Figure 7-3 is a schematic diagram of the process
which I believe is responsible for the darkening of
the lunar surface by the solar wind. Ions from the
solar wind strike the particles that make up the
lunar surface and sputter atons off these particles.
Assuming that the moon is composed of a silicate
rock material, the sputtered atoms will consist of
oxygen, silicon, and various kinds of metals. Some
of these sputtered atoms will leave the surface
completely. However, when one has a rather com-
plex surface, some of these sputtered atoms may
fly over and stick to the undersides of adjacent rock
particles. Because oxygen is a more volatile element
it will have a lower sticking coefficient than the
other types of atoms and fewer oxygen atoms than
the silicon or metal atoms will stay on the under-
sides of these particles. This process results in a
coating of a dark material on the underside of a
rock particle; the coating is probably a non-

stoichiometric silicate compound (or glass) which
is deficient in oxygen.

The sputtering action of the solar wind, of
course, will also make etch pits in the surfaces of
the particles and it will gencrally clean their upper
surfaces. But the primary mechanism responsible
for the darkening is the coating of the underside of
the particles with a thin, absorbing, nonstoichio-
metric compound. Lattice vacancies in such com-
pounds would be highly efficient in producing
absorbing effects.

Figure 7-4 shows an experiment we did in the
laboratory. We put an aluminum oxide ball inside
an aluminum oxide crucible and bombarded it
from above with 2 kev He ions. The middle photo
shows the bombarded ball and the unirradiated
ball. The unirradiated ball is shiny and the upper
surface of the irradiated ball has been cleaned and
roughened by sputtering but the undersurface is
darkened. The right hand photo is a photomicro-
graph of the interface between the dark and light
areas of the irradiated ball, Dark streaks were
formed under the little asperities sticking out from
the ball. These streaks are the geometric shadows
of the asperities to the ion beam.

Figure 7-5 shows how the ion bombardment
affects the photometric properties of some large
materials, rocks and chunks of rocks. As in Figure
7-3, the darkening is much more cfficient on a
rough surface than on a smooth surface.

In many of the following figures a white disk
appears on a black square as an albedo reference.
The dark square is black velvet, which has an

o |

Solar Wind Protons land Elactrans)

Coagting of
Nonstaichiamatrie
shicars Compoundss
Deticisnt in O

Siticats Portictay

Fioure 7-3: Schematic diagram of process responsible
for darkening of lunar surface by solar wind.
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Ficure 7-4: Effect of ion bombardment on aluminum oxide ball (laboratory experiment).

albedo of about 1 per cent; the disk is magnesium
oxide powder, which has an albedo close to unity.

Figure 7-6 is a photo of some coarse olivine
basalt powders, showing the effects of particle size
and different types of irradiation on the appearance
of a rock powder. The top row is the unirradiated
material. The middle row is after 10% roentgens of
gamma ray irradiation from Co®. The bottom row
is after hydrogen ion irradiation. The gamma radi-
ation had no effect at all, nor were the color,
albedo, or other photometric properties appreci-
ably affected. In contrast, the hydrogen ion radi-
ation is very efficient for changing the photometric
propertics. Observe that the coarser materials
darken less than the finer materials.

Finer particles are much more cfficiently dark-
ened than coarser particles by the mechanism
shown in Figure 7-3 because there are so many
more frce surfaces. All naturally occurring rocks
and inecrals are partially absorbing. Large
particles, whether or not they are hombarded, have
their optical propertics dominated by the absorbing
and reflecting properties of the rock itself. But,
when finely ground, the particles become trans-
lucent, and if an absorbing coating is put on the
undersides the optical properties are controlled by
the coating rather than by the optical properties of
the rock itself.

Figure 7-7 is a photo of fine olivine basalt
powders, which were handled somewhat before the

picture was taken. When first taken out of the
vacuum system they were quite uniformly dar-
kened. Again the gamma irradiation had no effect
at all; however, the hydrogen ion bombardment
had a remarkable effect. Also shown is a sample
bombarded with helium ions. The effect of helium
ion irradiation is about the same as hydrogen ion
irradiation, except the efficiency is better. The same
dose of helium ions will produce the same effects in
a much shorter time than an equivalent dose of
hydrogen ions.

It is important to show that the darkening effects
of ion irradiation are not due to cracked pump oil
or to some other spurious effect. We have several
independent indications that the effects are real,
but the most dramatic proof is shown in Figure 7-8.

The materials in each row of Figure 7-8 were
irradiated simultancously side by side in the
vacuum system. The top row is untreated material;
the center row was irradiated by hydrogen ions; the
lower row by helium ions. The powders are pure
magnesium oxide, aluminum oxide, and silicon
dioxide, pius mixtures of these three powders. The
mixtures are physical only and not chemically
combined. Note that the two mixiures of SiC, with
Al;0Q, and with MgO both darkened appreciably
under hydrogen ion irradiation, whereas the pure
materials darkened only very slightly. This figure
illustrates the nonlinear cffcet, so to speak, of the
ion irradiation, in that one cannot deduce from
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Fioure 7-5: Effect of ion bombardment on the photometric properties of rocks and chunks of rocks.
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bombarding pure naterials what the optical prop-
erties of a mixture of materials would be. Bombard-
ment by helium ions darkened all the powders
quite a bit, with the exception of the magnesium
oxide which darkened very little. Even so, the
mixtures have a lower reflectivity than the pure
materials,

This figure also illustrates that the SiO, lattice
has a strong role to play in this phcnomenon since
the mixture of the aluminum oxide and magnesium
oxide did not darken nearly as much as did the
mixturcs which contained the silicon dioxide.

Figure 7-9 shows some pure metal oxides which
were boimnbarded. The ferric oxide was darkened in
both cases by both hydrogen and helium ion
irradiation to about the same extent. Hydrogen ion
irradiation reduced cupric oxide to pure metal but
helium ion irradiation did not greatly affect it. This
illustrates that, particularly in the case of copper
oxide, there cvidently are some chemical effects

et I I R I

occurring which are important for certain pure
materials, in addition to the mechanical effects
of sputtering. The other oxides were affected only
slightly by irradiation.

Figure 7-10 shows some rock-formmg mineral
powders before and after hydrogen irradiation.
Quartz is not changed much. There is a strong
correlation between composition and the amount
of darkening. Basic materials generally turn darker
and bluer than acidic materials.

Figure 7~11, also illustrating the effect of compo-
sition, shows enstatite, which is mainly magnesium
silicate, and hypersthene, in which some of the
magnesium atoms are replaced by iron. The hyper-
sthene is darker and biuer than the enstatiie. In
other words, the iron content has an effect on the
optical propertics of an irradiated mineral. This
probably has something to do with the fact that
iron is a transition metal and itself forms non-
stoichiometric compounds.

'l ot

Ficere 7-11; Effect of irradiation on Fe mineral powders.
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. Figure 7-12 shows some irradiated igneous rock
powders. Again the effect of composition is striking
—the basic materials are generally darkened and
less red than the acidic materials. Note that the
irradiated chondrite is much darker than any of
the igneous rocks.

Figure 7-13 gives the effect of particle size on the
quantitative photometric propertics of olivine
basalt powder; these are the photometric charac-
teristics which were defined in connection with
Figure 7-1. The gray bands on all the curves are
the range of lunar values.

The normal albedo of the unirradiated material
increases as the particle size decreases, but for the
irradiated material the albedo is roughly constant.
The backscatter ratio decrcases drastically with
particle size. The amount of positive polarization is
a strong function of particle size and decreases in a
very striking manner as particle size decreases. For
large materials the polarization is far too great for
the moon. For large particles the phasc angle of
the positive polarization peak is shifted to much
higher values than is true for the moon. In our
apparatus we can measure only up to a maximum
phase angle of 130 degrecs and the ¢, curve is still

rising at 130 degrees for the particles which- are
labeled with an arrow. Thus the polarization pro-
vides another indication that large chunks of
material are not exposed at the lunar surface. This
has been emphasized by Dollfus. The material
labeled as being one centimeter in size on the figure
actually refers to the freshly broken surface of solid
rock and is not pulverized material,

It is clear from this figure that only particles
which are of the order of 1 to 10 u in size can
simultancously reproduce all the lunar photometric
characteristics. It is possible, however, to reproduce
one or two of the lunar photometric properties in
other ways. For instance, a high backscatter ratio
can be obtained by using chunks of vesicular rock
formed into a jumbled surface that is riddled with
tunnels pointing in all directions. However, in
general, such large chunks will have a high
polarization, far too high for the moon, and the
phase angle of the maximum polarization has too
large a value. Also, Lyot and Dollfus found in their
investigations that certain varieties of volcanic ash
would have the correct polarization curves, but
these ashes do not have the correct brightness
functions. It may be inferred that the size distribu-
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tion of particles composing the lunar soil peaks shown in this figure; the optical properties of
somewhere between 1 and 10 p. material treated with gamma rays is virtually the

Figure 7-14 shows the effect of radiation dose  same as for the unirradiated material. The effect of
on the photometric properties of olivine basalt  helium ion irradiation to a dose of about 88
powder. All the curves saturate in a time on the  coulombs/cm? is essentially the same as a three to
order of a hundred thousand years or so on the five times larger dose of hydrogen ion irradiation.

moon. The effect of gamma ray irradiation is also On the basis of these curves, it is reasonable to
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statc that the average particle on the lunar surface
has been exposed for a time on the order of a
hundred thousand to a million years. This is much
less than any estimates of the ages of most features
on the lunar surface.

After prolonged irradiation the albedo of most
rock powders actually gets lower than the lunar
surface albedo. Hence, it appears that somne agent
is counteracting this darkening process. Some irra-
diated rock powder was placed in a vacuum
furnace and heated to 450°C and held there for
over a day. There was no appreciable change in
the photometric properties; these coatings appcared
to be quite stable.

A reasonable explanation for the higher lunar
albedo is that micromecteorites are continually stir-
ring up the surface and exposing undarkened
materials. At all timies one sees a mixture of
darkened material and undarkened material such
that the average particle must have been exposcd
on the lunar surface for something like a hundred
thousand years.

We also investigated the effect of porosity of the
surface. We took the same powder and formed
surfaces, by pressing, pouring, and sieving the
powder, in order to see the effect of compaction on
the photometric properties. In the case of both the
pressed and the sieved material, the photometric
peak is wider than that of the moon, but for differ-
ent reasons. Only the poured material gave the
correctly shaped backscatter peak. The pressed
powder does not have a sufficiently complex and
open structure to backscatter well. The sieved
powder has the requisitc complex structure, but
even after irradiation the particles are somewhat
translucent, In a loose structure, light can shine
through the particles and the powder will appear
too bright at large phase angles. When a powder
is poured, the particles form clumps sufficiently
complex to backscatter well, but which will also
block some of the transmitted light. Surfaces with
the correct optical properties can be made by
pouring the powder in a vacuum as well as in air.

Apparentiy the lunar surface is not porous to the
extreme extent that Flugh Van Horn and 1 sug-
gested previously. The surface does not have an
extremely underdense, fairy castle structure, but
rather consists of loose clumps of fine particles
which are quite complex and capable of back-
scattering strongly. The porosity is about 80 per
cent, instead of being something like 90 per cent,

which would be the case for the fairy castle struc-
ture. This is still quite underdense. The powder is
very compressive; it has the consistency of baking
flour. If there were even a few feet of this material,
an astronaut would sink into it up to his knees and
would have great difficulty churning his way
through. The dust would stick to him and would
likely be quite a nuisance in a number of ways, and
I imagine that on the moon anything which is a
nuisance is dangerous.

Figure 7-15 shows the cffect of chemical compo-
sition on the photometric characteristics of rock
powders. In all cases, the effect of irradiation is to
bring the photometric properties close to those of
the moon. The backscatter ratio of the irradiated
powder shown here is a little bit high. However, in
this experiment we were more interested in investi-
gating the effect of composition on the photometric
propertics than in duplicating those of the moon,
so uniformity of the samples was our primary
concern. As shown in Figure 7-2, thc backscatter
ratio, at least for basic rock powders, can be re-
duced by a proper preparation of the surface.

Most rocks, when ground to a fine particle size,
are relatively colorless, so their color indices are
quite low. Only after irradiation does the color
move toward the lunar valucs. The general ten-
dency of the effect of irradiation is to redden rock
particles. Evidently the dark compounds that coat
these particles absorb more heavily in the blue than
in the red.

There are a few remarks that can be made about
the effect of composition. As one goes from an
acidic to a basic material the albedo of the irradi-
ated powder decreases. There is a slight tendency
tor the backscatter ratio to decrease. The polariza-
tion maximum tends to increase, and this is
directly connected with the decrease in albedo. The
polarization is dependent on two things: (1) the
light which is reflected from the surface of the
particles, which is positively polarized; and (2) the
light which is refracted through the particles, which
is negatively polarized and which tends to cancel
out some of the positive polarization. As the
material is darkened and made more absorbing,
some of the refracted, negatively polarized light is
cut out and the positive polarization is enhanced.
Roughly speaking, irradiated acidic materials are
redder than the basic materials, especially their
bluc-green index. However, there is not much
variation in the red-green index. These are rough
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trends, but there are departures from these trends.

Now consider the powdered chondrite shown at
the extreme right of Figure 7-15. This is a sample
of Plainview, a bronzite chondrite. After receiving
the same amount of irradiation as the rest of the
rocks, its albedo dropped far below that of the lunar
surface. The polarization positive maximum was
way up to 43 per cent. The negative minimum
dropped down to 2.5 per cent. The colors remained
much bluer than the moon. There may be some
indication here that at least chondritic meteorites
do not come from the moon. One might say that
perhaps the flux of micrometeorites at the lunar
surface which is stirring up the material is bigger
than we think it is, so that the average particle is
irradiated just very slightly. This would tend to
keep most of the optical properties of the chondrite
within the range of lunar values except for the
red-minus-green index, which would stay too low.

The primary reason that the photometric prop-
erties of the chondrite are different from those of
igneous rocks is the high metallic iron content of
the meteorites. Adding 15 per cent by weight of
metallic iron to any rock has the effect of increasing
the positive and negative polarizations and of
decreasing the color, making the material much
bluer.

Finally I would like to sece if these studies can
give any indication concerning the composition of
the highlands and the maria. As you know, there
are two theorics. One says that the highlands are
of different composition than the maria. Figure
7-15 is consistent with the theory of the highlands’
being more acidic than the maria,

The other theory, due to Gold, is that the
material on the highlands contains a larger admix-
turc of unirradiated material than that in the
maria. That is to say, the material exposed on the
surface of the maria is older on the average than
the material covering the highlands. However,
Figure 7-14 shows that all the photometric prop-
erties are monotonically changing functions of
radiation dose. That is, as one increases the dose,
the positive polarization rises, the negative polari-
zation decreases, the color indices all change
monotonically.

Thus, if the only effect were one of exposure age,
then we would expect that the differences in photo-
metric properties of the highlands and the maria
would always be in the same direction everywhere
on the moon. It is known that this is not always the
case. As far as I know, there is no correlation be-
tween, for instance, the amount of negative
polarization and the albedo, although there is a
correlation between positive polarization and
albedo. In general, the maria tend to be somewhat
bluer than the highlands; this iz just the opposite
from what would be expected of most }rocks,
which tend to get redder with increasing dose,
rather than the other way arcund, However, this
last argument is not a very strong one because
igneous rocks which are rich in ferric oxides are
initially red and become bluer under irradiation.
Nevertheless, 1 feel that there are some tentative
indications that the differences in the photometric
properties of the light and dark areas of the moon
are at least partly due to real differences in compo-
sition and not just to differences in exposure age.




APPENDIX D

The Application of Polarized'Light for the
Study of the Surface of the Moon

A. Dollfus

Observatoire de Paris, Section d Astrophysique, Meudon (Seine et Oise), France

The curve of polarization of the moon is the plot
of the percentage of polarization as a function of
the phases of the moon. The polarization is called
positive if the largest component is perpendicular
to the plane of the sun, the earth, and the moon,
and is called negative if this component is parallel
to this plane. Figure 8-1 shows the fringe polari-

meter that we used for those measurements. The
accuracy is 1072 or 0.1 per cent in the amount of
polarization.

Figure 8-2 is the original curve that Lyot pro-
duced more than half a century ago. It shows the
maximum of polarization for the evening moon and
the morning moon. We immediately sec that we
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Figurk 8-1: Polarization of the moon (after Lyot, 1929).
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Ficunx 8-2: The fringe polarimeter used to measure the polarization of the moon.
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Fioure 8-3: Measurements on the negative branch of
the polarization curve.

can split the problem in two: first, the explanation
of the negative branch, and second, the discussion
of the maximum of polarization.

Figure 8-3 shows measurements of the negative
part of the curve. It is close to the full moon, just
before an eclipse, when the phase angle is very
small. The dispersion of the measurement is less
than 0.1 per cent. Curves are given for the darkest
maria, like Mare Procellarum, and for the bright
areas. Departures for the near curves occurred for
phase angles larger than 20 degrecs, but all of these
measurements are the same in the negative branch.
all spectral ranges
from visible light to infrared at 1.05 u, the ncgative
branch remnains exactly the same. This branch is
not sensitive to the wavelength nor to the albedo of
the surface.

At the laboratory we are able to reproduce such
a curve and it appears that it is very specific of a
special kind of surface; it can be reproduced only

L4 o 2N ) 4100 12 TNp $ 4 1210 Loduuy ¥4 }

on powders of dark grains of all sizes stuck together,
the grains completely absorbing the light in a few
wavelengths of thickness.

Figure 8-4 shows laboratory results about the
negative branch of the polarization on different
kinds of material, in cases of loose deposits and
compact deposits of powders. The loose deposits of
dark grain materials reproduced exactly this prop-
erty of the surface of the moon. The compact
deposit did not. We measured many other kinds of
materials. I published some results in the past in
Professor Kopal’s book and in Professor Kuiper's
book; therefore, I prefer not to discuss it extensively
here.

The case is that all the surface of the moon gives
the same curve. So we must conclude that the
surface of the moon is covered in all the parts by a
layer of dust at least a millimeter thick, which is
made of small grains and is completely absorbing.
I would like to be very positive on this point. It is
certain, because fortunately the curve is very
specific for powder of dark grains for all the arcas
of the surface of the moon.

I have another proof of this property: it is
depolarization of the light. If a sample is lighted by
a completely polarized light, the scattered light is
partly depolarized; the residual amount of polariza-
tion is a function of the reflecting power of the
surface. We measured the depolarization factor of
the surface of the moon by measuring the polariza-
tion of the ashen light, because the ashen light is
the scattering by the moon of the light coming from
the earth. The light of the earth at 90 degrees is
very highly polarized. Therefore, if we measure the
polarization of the ashen light, and if we know the
initial polarization of the light of the earth, we can
deduce the depolarization factor of the surface of
the moon.

Figure 8-5 is a picture that we took at Pic-du-
Midi with the coronagraph, which was used for this
study of the moon. The occulting disk of the moon
has a window with absorbing glasses, showing the'
edge of the moon, namely Mare Crisiuin. The
ashen light is passing at the cdge of the disk. The
last mountains at the terminator are secn at the
edge of the disk. This plate was taken before the fuil
moon, with a phase angle of about 20 degrees.
We are able to detect and measure the ashen light
very close to the full moon.

Polarimetric measurements on the ashen light
selected with the coronagraph enabled us to give
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FiGure 8-4: Laboratory-derived negative-branch polarization curves for various materials,
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- Fioure 8-5: Coronagraph pic‘turc of the moon, creating an artificial lunar eclipsc with the ashen light shown at the
edge of the occulting disk.




R R SR

160 THE NATURE OF THE LUNAR SURFACE
POLARIZATION OF ASHEN LIGHT
120 b DARK REGIONS
I .
= ..
ZIGJ“ : .
g o® ¢
'<_‘ Gl o o . !
3t . Yo
L]
o} L o
z [ ]
g “or L b
2 o
¢ .
05—‘—'}0"“ jo * 610 + slo - "lm : ‘Jm + ‘:o * ,io - ‘qw Ficure 8-6: Polarization of ashen light

PHASE ANGLE (degrees)

the complete polarization curve of this ashen light,
as scen in Figure 8-6. The plots are the phase angle
vs the wnount of polarization. If we compute the
polarization of the carth we conclude that most of
the polarization is due to scattering by the atmos-
phere of the carth. The maximum polarization is
expected 1o be about 80 degrees. It is exactly what
we found. But we have to know the exact amount
of polarization given by the earth at an 80-degree
phase angle. We did that by measurements from
balloons.

Figure 8-7 shows one of the flights we made in
France. This particular flight we launched from the
Mcudon Observatory. On the occasion of such
flights using a visual polarimecter we measured the
polarization at several heights and were able to
extrapolate the polarization as if the carth were
scen fram the outside.

Figure 8 8 shows some of the results. One of the
two curves at the top is a measurement of the
sirface from the ground. The other is taken at a
height of 1 km, With similar measurements we are
able to extrapolate to infinity. If we know the
imnount of polarization of the moon, we are able to
deduce the depolarizing factor of the earth,

gure 89 the open circles are the measure-
nents from the ashen light, of the depolarization
€ ot
{a

H

In b

o mn

f ¢ surface of the moon as a function of
the albedo of the surface. The dots and crosses are
mcasurements obtained on dark powders made of
simall grains of completely absorbing material. It
fits exactly the measurements; other kinds of
materials like bare rocks or powders of transparent
grains did not. All other kinds of surfaces are

on the dark regions of the lunar surface.

completely different. Again, the depolarization
factor is a very crucial result, characteristic of a
powder of very absorbing grains. This powder
covers all the surface of the moon.

Figure 8-10 is a microscopic picture of a typical
powder that is probably similar to the surface of
the moon; the size is 3 mm square. This powder
gives exactly the negative range of polarization and
the depolarization cocflicient of the surface of the
moon. .

The next problem will be to try to improve these
results by studying the maximum of polarization.
The variation of maximum polarization may en-
able us to give additional data about the compo-
.sition and the nature of these powders. Unfortu-
nately we have not yet completed this work; we are
doing the measurements. I would like to report
here the current state of the measurements. We
tricd to extend the polarization to a larger range
of wavelengths because the maximum of polariza-
tion is wavelength dependent.

We divided the moon in sclected areas in which
we are taking polarimetric measurements (Figure
8-11). We have two kinds of areas: 14 large ones
for the infrared to ultraviolet mcasurements in all
the ranges accessible from earth, and smaller arcas
for careful studics of variations of polarization on
special features. We have several polariineters for
several wavclength ranges. Figure 8-12 shows the
telescope itself, with photoclectric polarimeter. It
is a Cassegrainian coudé, and the light is reflected
by a mirror, introducing a spurious polarization
that we have to take into account in the final study
of the incasurements,
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Figure 8-7: Flight launched from Mecudon Observatory.
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Fiure 8-8: Polarization measurements of the ground

from near the surface of the carth and from a height of
1 km.

Figure 8-13 shows the infrared measurements
for special areas, at 0.85 p wavclength. One of the
two curves is for one of the darkest surfaces of the
moon, Mare Tranquillitatis. An ideca of the
accuracy of the mcasurements is given by the
scattering of the dots. The other curve is {or onc of
the lightest areas on’ the surface of the moon,
northeast of Mare Crisium; the negative branch is

Figure 8-9: Measurements of the depolarizing factor of
ashen light and dark absorbent powders.

completely independent of the albedo, but the
maximum of polarization is strongly dependent on
the albedo.

Now going more to the infrared, Figure 8-14
shows the curves for .95 p. The polarization is
reduced in the two cases. Again the negative
branch is still the same. Figure 8-15 is for 1.05 g,
and again the scattering of the .measurements is
good, but the polarization is still reduced. The
maximum of polarization is a function of the albedo
and of the wavelength.

Now we have enough measurements to disen- .
tangle these two factors; Figure 8-16 shows the
variation of the maximum of polarization as a
function of the brightness or the albedo. For visible
light we have a very sharp variation of the maxi-
mum of polarization with brightness, and for
infrared measurements we have again this varia-
tion, but with a lower amount.

Figure 8-17 shows the variation of the maximum
of polarization as a function of wavelength. This is
for four different arcas: Mare Tranguillitatis, one
of the darkest areas on the moon; Mare Crisium;
and two light continents. The curves show the
strong variation of inaximum of polarization as a
function of wavelength, from 1.1 to 0.6 g.

So we have now about all the quantitative infor-
mation about the propertics of the variations of
the maximum of polarization with albedo and
wavelength, We can make comparative measure-
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Fioure 8-10: Picture (3 mm square) of a typical powder viewed through a microscopc.
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Fioure 8-11: Sclected arcas under polarimetric measurement study.
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Fioure 8-12: 40-inch Telescope at Meudon Observatory used for photoclectric measurements of polarization on
planets and the moon.
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- ments at the laboratory to see if some information
can be deduced from these data. We measured at
the laboratory with the photoclectric polarimeter
and with the visual polarimeter.

Figure 8-18 shows one of the instruments we
used for laboratory measurements. The sample is
put in the holder, and we can change the angle and
azimuth of the light. We can also filt the direction
of observation of the photoelectric polarimeter.

Figure 8-19 shows some characteristic curves
with materials selected for obvious theoretical
reasons: two kinds of obsidian, the brecciated
coating of the Meteor Crater in Arizona, tektites,
etc. We measured also several other powders of this
kind. It can be scen immediately that all these
curves are too flat; they are not able to reproduce
the negative branch. This is because these surfaces
are not dark enough. I pointed out that we miust
use powder of grains in loose deposits of very
absorbing material; all ther= surfaces are not dark
enough.

Figure 8-20 shows different kinds of achondrite
meteorites with enstatite. The negative branch
cannot be reproduced because the powders are far
too light. The maximum of polarization is com-
pletely out of scale.

Figure 8-21 shows the resuits for the different
kinds of chondritic meteorites with enstatite,
bronzite, hypersthene. Most of these have not
enough negative branch. But one of those is closer
to the moon; it is a meteorite very rich in olivine,
and the blackness is 0.045. This curve, number 1,
is not very far from the moon, but cannot reproduce
exactly the surface of the moon. Olivine meteorites
give a first indication about the interpretation.

The best fits are given by ash flows of broken
lava. If we pulverize lava samples, or if we measure
ashes from volcanic areas, we are very close to the
surface of the moon, as can be seen in Figure 8-22.
Different varieties of Vesuvius and other volcanic
ashes are represented. If you accept the last one as
being far too light with an albedo of 0.56, and the
other having brightness of the same order as in the
case of the moon, ii can be seen that the negative
branch fits the curve of the moon well and the
variation of P maximum with albedo is of the same
order as indicated on the moon. We are proceeding
at the laboratory to make more complete investiga-
tions about the ash and lava powders.

However the situation is far more complicated,
as Dr. Hapke pointed out, because we must take
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Fioure 8-17: Variation of the amount of the maximum
polarization as a function of wavelength.

into account the effect of the proton-darkening.
This proton-darkening confuses the situation be-
cause some of the light materials of which we gave
curves may fit the curve of the moon after appro-

nwiata b m
priate bombardment by radiation.

In Figure 8-23 is a measurcmcnt we made with
Dr. J. Geake at Manchester. The sample is an

enstatite achondrite; the darkest area was darkened
by 16-kv bombardment. Figure 8-24 shows that
the properties of the darkened part of this material
give a very good reproduction of the negative
branch of the polarization. The curve of polariza-
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Fisere 8-18: Laboratory polarization measurement device.
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Ficure 8-19: Characteristic polarization curves of two
kinds of obsidian, the breccia of the Meteor Crater
(Arizona), and tektites.
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Fioure 8-20: Comparison polarization curves of the
moon and achondrite meteorites.
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Frouur 8-21: Characteristic polarization curves of dif-

ferent kinds of ensiatite, bronzite, and hypersthene
chondritic meteorites.

tion of the enstatite achondrite is shown before

darkening; it has no negative branch at all. The

curve measured after the darkening is identical to
the curve of the moon. The reproduced negative
branch is unexpectedly good. This seems to give a
definite fit of optical properties.

A great nnmber of powders may fit this negative
Lranch, provided they are darkened cnough by
proton bombardinent. Furthermore the variation

PROPORTION OF POLARIZATION X10°

. ticles, not compacted, and very absorbing. For the -
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Ficure 8-22: Characteristic polarization curves of ashes
from various volcanic areas.

of maximum of polarization with wavelength is
very good. The only point in the sample shown is
that the variation of brightness with wavelength is
too high in this special kind of sample.

As a conclusion I would like to point out that
polarization gave a very certain result, that the
surface of the moon is covered in all parts, in all
areas, by a coating, a layer of dust of small par.

explanation of the nature of the powder, polariza~
tion techniques are not so specific because several
possibilities occur. The proton bombardment may
have somcthing to do with the result. But wé
follow in two ways now: a careful study of the
igncous volcanic rocks, broken into powder, and
the effe:t of darkening by protons.
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Ficure 8-23: Sample of an cnstatite achondrite, part of which has been darkened by proton bombardment.
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Figure 8-24: Characteristic polarization curves of enstatite achondrite before and after being darkened by
proton bombardment.




APPENDIX E

17.

Radio Measurements of the Moon

F. Drake
Cornell University, Ithaca, New York

I want to discuss briefly some radio measure-
ments of the moon at 3-mm wavelength, which
seem to develop points relevant to some of the
previous discussions, particularly the infrared
measurements of Shorthill, Saari; and Ingrao. The
work I want to call to your attention was done
principally by Bruce Gary at the Jet Propulsion
Laboratory and Joseph Stacey at Aerospace
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Figure 17-1: The 15-foot antenna of Acrospace Cor-
poration.

Corporation, using the 15-foot antenna of Aero-
space Corporation which is shown in Figure 17-1.
With this antenna, lunar maps with a resolution
of one-tenth of the lunar diameter have been made
at a number of epochs in a lunation as shown in
Figure 17-2. In making the maps, a sensitive
radiometer and digital techniques were used.

The next three figures show maps that are
typieal examples of the results obtained. The
brightness-temperature contours are in degrees
Kelvin. Figure 17-3 is nearly at the time of the
new moon. The optical appearance of the moon is
shown in the upper right-hand portion of these

FULL
(180)

LAST FIRST
QUARTER QUARTER
270 L l 090

\
N

NEW
oo

Ficure 17-2: Lunar phases at which maps of brightness-
temperaturc have been made.
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FiGure 17-3: Map showing the brightness-temperature in degrees Kelvin, at the time of the new moon.
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Fioure 17-4: Map showing the brightness-temperature in degrees Kelvin, at the time of half-moon,
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figures. We note that the level from which the
radiation is coming is about 3 cm or so below the
surface of the moon, very near the surface. The
minimum temperature is about 150°K.

Figure 17-4 shows the half-illuminated moon. It
can be scen that where the sunlight is illuminating
the moon, it has become much warmer. The mini-
mum temperature is still 150°K in the portion of
the moon that has been dark longest.

24 JUL 64

Figure 17-5 shows the situation at full moon.
Notice the asymmetrical displacement of the con-
tours, which is the well-known phenomenon of the
thermal wave lagging the insolation.

Looking at Figure 17-6 we see that the maximum
temperature is about 280°K, which means that
even at depths of only a few inches, slightly below
the level to which we are observing, the tempera-
ture never rises above the freezing point of water.

¢ =179°

Fioure 17-5: Map showing the brightness-temperature in degrees Kelvin, at the time of the full moon.
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Another important point which is not apparent
from these figures is that when we follow a point
of constant phase, we obscrve essentially the same
temperature, suggesting that the radiocmissivity of
the moon at this wavelength is very nearly iso-
tropic. This requires structures everywhere on the
surface of the moon that are a fraction of a milli-
meter in size or larger, which is consistent with
remarks made previously by many speakers here.

These data can be used to produce a lunar phase
curve, which is shown in Figure 17-6. This curve
is for the equatorial region. The mean temperature
is 206°K, somewhat less than that observed at
longer wavelengths. However, when one takes the
errors into account, there is not yet a significant
difference in the mean tempcrature from, say, 21
cm to this wavelength. This is contrary to the
conclusions of Troitskiy.

An interesting point in this curve i3 that the
phase lag is about 22 degrees in general, as it
should be, indicating we have a substance of very
low thermal conductivity. However, there is an
abrupt rise in the curve at phase 90 degrees when
the sunlight first appears. Also, there is a point of
inflection at about 280 degrees phase. This means
that the simple theory for the lunar radio emission
cannot fit these phase curves. We appear to have
principally material of very low thermal con-

ductivity, but to explain the abrupt rise at 90
degrees and the point of inflection, there must be a
second component, not in depth, but on the sur-
face. This is, of course, consistent with the ir-
regularities shown by the radar and by the infrared
measurements.

Figure 17-7 shows phase curves for many lati-
tudes. These can be used to compare measurements
at specific points on the moon with the average
lunar behavior to find thermal anomalies in the
radioemission,

This part of the reduction is still in process, but
Figurc 17-8 shows the results one gets when one
compares simply the mare ground against the
highland ground. We find systematic temperature
differences which average out to 3.0 & 0.3°K.

This 3°K difference is more than can be ex-
plained by the albedo difference effect on the solar
radiation absorbed. That albedo difference, using
the optical albedo, would give a 1.5°K difference.
There is another 1.5°K that is unexplained. We
think a simple explanation of this is that the
infrared emissivity of the mare ground is slightly
less, about 4 per cent, than with the highland
ground.

Figure 17-9 shows an attempt to go a bit further.
Here we have a detailed map of the differences in
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Ficure 17-7: Lunar phase curve for many latitudes.

temperature from the expected means, super-
imposed on the map of Shorthill and Saari. The
gross structure of these anomalics simply correlates
with the arrangement of highland and mare regions
indicating that it is simply the albedo difference
that is causing most of the observed effect. In
addition there is some correlation with the anom-

alies indicated by Shorthill and Saari, for instance,
in the Mare Humorum. Our coldest region is where

shaw h
they see the fewest thermal anomalies; also, Thia

correlation is again consistent with a low infrared
emissivity, because such emissivity will also explain
the thermal anomaly scen in the infrared at the
time of a lunar eclipse.
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Ficure 17-8: Comparison of temperature differences between the mare ground and the highland ground.
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The points I want to stress are the apparent
correlation with the infrared anomalies; the fact
that we need 1-mm structures all over the surface;
the fact that at least a two-component model seems
required; and lastly that the phase curve itself
supports the old idea that the moon is a very poor
thermal conductor in its upper layers.

DISCUSSION

Sacan: I would like to commment about the
problem of relating measured brightness tempera-
tures with temperatures deduced from visual
albedoes. We have measured the reflectivities as a
function of wavelength of a variety of common
materials. There is in almost every case a tendency
for the reflectivity to increase markedly longward
of about 7,000 angstroms, that is in the near
infrared.

There is a perfectly good reason for this—elec-
tronic transitions occur in the ultraviolet and
visible. The infrarcd fundamentals occur in the
three- to ten-u region. Around 1 x4 we are stuck
with the second or third overtone, which is down
many orders of magnitude in absorption coefficient.

Therefore, a2 photon incident on a granular
material at 1 g can make many reflections and
re-emerge without having been absorbed, which is
not the case in further infrared or shorter wave-
lengths.

It follows that the infrared reflectivity of the
moon should be much larger than it is in the visible,
and the integrated or bolometric albedo should be
much larger.

I would think that a discrepancy of 1 or 1.5
degrees between the predicted and computed
temperatures for the maria and highlands can be
attributed to a difference in the infrared part of the
reflectivitics, or at least a major fraction of it, and
we can also probably squecze soincthing out of the
emissivities.

Drake: Yes. I am in agreement. Let me clarify
what I said. It is simply that there is a diffcrence,
evidently in the infrared emissivity, between the
highlands and mare, and this we take as evidence

THE NATURE OF THE LUNAR SURFACE

‘ture in absolute measurements of only a few.

that there are different materials there. By that I
am trying to confirm statements made previously
by other people.

IngraO: I would like to make the following
remarks: It frightens me that we are discussing
models and talking about differences in tempera-

degrees.

I made a very simple calculation that I wanted
to discuss yesterday—-it is to compute the coefficient
of the propagation of errors in the parameter that
you use to reduce your data. When you do that, it
will frighten you that you are using parameters
that are not so rcliable to reduce your data. You
are assuming cmissivities for the reflectance of the
middle that you don’t find there always.

We worked out two-layer models, and the infra-
red measurements are very insensitive when the
outer layer is bigger than 2.5 mm. So I don’t think
I am in a position to accept or to give validity to
infrared measurements that give a result of dust
layer thickness or measurements of the order of 10
or 7 mm, because all of the lines go together. There
is a very small difference between the cooling curve
for 7 mm, 10 mm, and infinity. The answer will
come only from people like Dr. Drake in the radio
measurements.

I have a curve that gives, at different times of
the eclipse, the variation in temperature with
depth. You can detect the difference that Dr.
Drake is talking about in models at 3 cm, but in the
infrared measurement we cannot do anything to
differentiate between some models because the
systematic errors are big enough to mask a distine-
tion between models.

I think, as Dr. Drake did, that the selection of
models will come from measurements. We can
complement with the surface measurements. More-
over, in our paper (Chapter 10) we make an
analysis computing the efficiency of propagation of
errors, and we bracket the errors that you should
expect for high temperatures of this solar point and
for low temperatures. To take subsolar tempera-
tures, you will have to find very, very carefully
what technique has been used in order to find out .

if there is any systematic error hidden there,
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expected.

{ntroduction

(uite frequently experiments involving the detectiou
of intermediate energy particles, such as soft x rays or
low energy charged particles, are plagued with back-
zround noise caused by vacuum uv photons.  Inview of
this, it was surprising to find that literature deseribing
methods for minimizing reflections of vacuum uv radia-
tion is quite spar<e. Most of the work reported in this
area has involved methods of increasing the reflectance
of surfaces in this spectral region and mensurements of
the reflectanco of polished and evaporated surfaces.!™

We here describe work which was recently done in our
luhoratory to meusure tho total reflectance of various
sutfaces which have been treated or coated to reduce
their vacuum uv reflectivity. The question to be
answered was, ‘“How much does a roughened or coated
surface reduce and redistribute reflected vacuum uv
radiation?”

Three general types of surfaces were investigated.
The first type included smooth metallic surfaces evapo-
rated outo glass slides and highly polished (3-u finich)
samples of bulk metals. The slides were prepared to ob-
tain data which could be compared with published data
on similar surfaces—the comparison showed our results
were in close agreement with reported values. The
second type included mechanically or chemically
roughened surfaces, such as those obtained by sand-
blasting or by anodization. While the manner of reflec-
tion in the latter two cases is different, the resulting
radiation distribution is similar. The third type in-
cluded very black absorber surfaces, such as soot, gold
black, and carbon erystals, which have a large fraction
of their reflecting microsurfaces inelined at large anglies
to the averuge surface plane.

The apparatus devised to measure the reflectances of
these surfaces is illustrated in Fig. 1.  Monochromatic

The anthor is with Bendix Revearch Laboratories, 20800 —
10.1/2 Mile Road, Southfield, Michigan 48076,
Received 2 November 1067

APPENDIX F

vacuum Ultraviolet Scattering Distributions

Measurements of reflectunce and the profile of scattered intensity from rough and smooth surfacey are
reported for incident radiation of 1216 A,  The profiles show the inlensity of scattered uv in the plune of
incidence at various incident angles. Black appearing surfaces are found to have reflectances higher than

uv radiation was provided by an 0.5-m Soya-Namioka
monochromator and an open-window capillary dis-
charge. The radiation emerging from the slit passed
through a 1.3-mm diam stop and into the experimental -
chamber, which was pumped independently of the
monochromator. The beam size at the sample at
normal incidence was 1.5 mm in diameter.

A Channeltron mutliplier with an 8-mm cone
shaped input was used as a detoctor (Fig. 2). This de-
rector, which is deseribed elsowhere®® has several
unique features which permit this type of measurement
to be made. Tt can bhe operated at very high gains in a
saturated mode and has low noise so that every event at
the aperture which produces a photoolectron(s) is
counted. Noise counts average ahout one per -one
hundred seconds. Therefore, at 1218 .7\, as fow as ten to
twenty photons per second produece a significant output
signal. - Additionally, all of the input events produce
output pulses of nearly the same magnitude when the
detector is operated in the saturated mode. At vacuum
uv wavelengths, the quantum efficiency of the surface of
the cone is roughly the same as tungsten, ranging from
109, to 209, at 300 X to 1000 A and then dropping
sharply to less than 0.001%, at 1830 A

The high sensitivity and low noise characteristics of
the Channeltron multiplier are very important in this
type of measurement, since the intensity of the reflected
radiation intercepted by the cone is extremely low.
These characteristics and the small size of the detector
(it occupics less than a cubie inch) permit the intensity
distribution of the scattersd radiation to be measured
quite accurately. Generally, this type of measurement
is undertaken with a very largoe aperture type detec-
tor,’¢1 which is inherently iess suited for accurately
measuring the distribution of tho reflected intensity.

The detector was mounted on a rod (Fig. 1) such that
it could be rotated ahout the sample in the plune of in-
cidence. Another cone Chanueltron multiplier was
mounted on the same fixture at 45° to the plane of inci-
dence. The sample was then positioned at tho desired
angle with respect to the beam and the detectors were

May 1958 / Vol, 7, No. 5 / APPLIED OPTICS 879




MONOCHROMATOR
EXIT SLIT

Fig. 1. Reflectance mensurement goniometer chamber.

‘C'/ >

Fig. 2. Cone-helix Channeltron multiplier.

rotated above the sample counting the flux in selected
0.0227-sr solid angles.

The sample holder was mounted on a rod which could’

be withdrawn from the beam. The detector was then
rotated into the direct beam for incident intensity mea-
surements.  The Channcltron multiplier aperture was
large enough to capture the entire incident beam.
Figure 3 shows the results obtained at a wavelength of
1216 A and an incident intensity of about 107 photons/
sec. The results show that, as one might cxpect, the
size of the specular peak is inverscly rclated to the
apparent blackness of the surface to visible light.
Furtherinore, the very black surfaces which were for-
mulated in our laboratory scatter o significant fraction
of the light in ol direetions,  The cvaporated metallie
blacks were applied to aluminum substraies in 0.05-0.1
using an amonnt of material equivalent to

thut required for a vacuum deposition thickness of 1000
The black epoxies were made by sifting 400 mesh
carbon erystals onto the surface of commercial cpoxies
such as Varian Associates Torr Seal (black cpoxies 1 and
3) and Hysol PC 15 (black epoxy 2). The carbon was
pressed into the curing epoxies until a black appearing
surface formed.
In order to determine the total reflectance of these
“urfaces, an assumption had to be made regurding the

%0 APPLIED OPTICS / Vol. 7, No. 5 / May 1968

intensity distribution out of the plane of incidence,
Conscequently, it was intuitively assumed that the
curves shown in these figures can be considered as the
central cross section of a cylindrically symmetrical in
tensity distribution.’? That is, it was assumed that the
two (or more) angles (in Fig. 3) at which a given scatter
intensity oceurs define the diameter of a circle of con-
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Table I. Diffuse Reflectors

Table H11. Specular Reflectors

e i nerical
Surface Angle-of-Incidence ";’::T::'::rl‘;:l Surface Anple-of-incldence l::ﬁ:’r‘;'m:
1. Gold-Black is5° 0.7657 1. Commercial Blacl. 15* 12.5%
45° 0.8717 Anodized Aluminum 30 13.62
60° 1.633% 45° e
75° 2.3 0% 63° 45.5%
2. Nickel-Black 45° 1.1 7 2. Aauada o e
3. Sintered Conducting 15° 1.1 2 43 20.7%
Glass 30° 0.0 65 47.0%
45° 12.4 % 3.  Evaporated Blsmuth 75 80.0%
65” 12.9 % , 5
'" Buik Pulished XNichel 15° 10.47,
4, Silver-Black 15°* 1.77 7 0 10,62
45° 1.95 7 as* 11.92
60° 2.58 % 65° 24.9%
75° 31z 5. Bulh Polishcd Ko, 304 15° .47
5, Black Epexy MNeo. 1 15° 2.22 % Stainless Steel 30° 10.7%
e 242 7 45 13.0%
. ° 05 24,07
60° 3.02 2
75 3.69 ¥ 6. Bulk Pollshed Berylifum- 03 9.9%
Copper “5* 124%
6, Black Epoxy No. 2 15° 5.52 2 65° 2h,4"
7. Black Rpoxv No. 3 1s* 4,64 7 7.  Bulk Polished Oxygen 1% 1.y
45° 5.33 2 Free Copper 3 12.0°
75° 6.77 % 4s° 1.5
65* 6,90
8, Bulk Polished Alumicum 19* 8.1
Ju* 9.6
48 13.7.
Table lI. Intermediate Reflectors 63 31,07,
9. Evaporated Copper 15 S T.b5%
Surfaca Angle-of-Incidance | femiwpherical ot 7.65%
Reflectance 45 9.50%
. :
1. Ssndblasted No. 304 15° 15.2% 63 22.00%
Stainlesa Steel 45° 23.3% 10,  Evaporated Alumiaum 15° 25.4%
. 65 25.17 10° 29.3%
45 34.4%
2, Sandblasted Oxygen 30° 18.0% 65°* 5;.7;
Free Copper 4s° 18,47 .
65° 20.6% 1i.  Evaporated Tellurtum 7% $3.0%
e 13* 10.0%
3. Oxidfzed Beryllium 30° 10.7%
Copper 45° 11.3%
65° 19.7%
4. Sandblasted Beryllium 15* 10.0%
Copper

-tant intensity out of the plane of incidence, as illus-
trated in Fig. 4. This assumption is supported by
measurements of intensity 45° out of the plane of inci-
dence, as indicated in Fig. 3(d). Based on this assump-
tion, a computer program was written which calculated
the total reflected intensity from the data. The results
are listed in Tables I, I1, and I11.

Comments

There are « number of interesting features about these
data. It is somewhat surprising that the very black
appearing surfaces are only about a factor of ten more
absorbing in the vacuum uv than surfaces which are
highly reflecting in visible light. This means that the
ieflectivity of these black appearing surfaces does not de-
crease as rapidly with deereasing wavelength as does the
tieflectivity of shiny appearing surfaces. Also, easily
prepured black epoxies are very nearly as absorbing as
%0ld black which is difficult to apply and has undesirable
fiechanical properties.  Finally, sandblasting, anodiza-
lon, ete. have very little effect on the total roflectance
at these wavelengths, although these processes do seat-
'er the reflected radiation.

Much can be done to reduce unwanted vacuum uv
reflections by intelligently employing various combina-
Uons of specular reflectors and black surfaces. Specular

reflectors may be used to direct the radiation in a harm-
less direction, and black surfaces may be used to prevent
high intensities from being seattered in any one direc-
tion.

The author would like to acknowledge the help of
J. S. Miller who made up the surfages and made these
measurements.
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Abstract—The directional reflectance was measured for lunar fines and chips from three different
lunar rocks. The spectral reflectance of the fines varied from approximately 7-0 per cent at 0-6 u
to IS per cent at 2:0 i, The total reflectance for white light at near normal incidence is approxi-

mately 10 per cent. The reflectance increased by approximately 40 per cent when the angle of
illumination was increased from 20" to 60°.

INTRODUCTION

THE ENERGY balance of the lunar surface requires the knowledge of the absorptance
as a function of the angle of illumination over the spectral range of solar energy.
Presented in this paper is the 'directional reflectance as a function of wavelength from
0-5 to 2-0 um, and for white light for angles of illumination of 20, 30, 45 and 60
degrees. The directional absorptance is readily obtained from our reflectance results
by subtracting the directional reflectance from unity. These mcasurements are not
only useful for lunar energy balance calculations but also to the lunar spacecraft and
instrumentation designers to aid them in estimating the overall heat transfer to their
systems. Further, these data are useful in that they confirm remote sensing results.

In order to determine the reflectance characteristics of lunar fines and rock chips,
a vacuum integrating sphere system was developed which operated at pressure levels
down to 10-7 torr,

MEASUREMENT TECHNIQUES

The standard integratirg sphere reflectometer is familar to many investigators;
however, the modified sphere system used in our measurements is not in this category.
We, therefore, present a discussion on the modes of operation of our integrating sphere
reflectometer.

The directional reflectance was obtained with a sample, center-mounted in a 20 cm
dia. intcgraling sphere reflectometer. The sphere coating was magnesium oxide. The
sphere system is constructed with the sample held in a horizontal position, a necessity
for powdcrs, while by rotation of the sphere and external optics, angles of ilumination
or viewing up to approximately 75° are obtained.

Since the theory of the integrating sphere is well known, it will be only briefly
reviewed. Radiation directed on a test sample within the integrating sphere is re-
flected onto the sphere wall. If the wall is coated with a highly reflective and diffuse

ma!g_rgg_! then anvy radiation hittine the wall ic reflected 4
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The total radiation incident on a given area will be a summation of intensities from
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the multiple reflections. A detector mounted at the sphere wall measures the intensity
of the radiation striking a given area within the sphere. Two optical modes are
commonly used for the center-mounted sample integrating sphere reflectometer.

Directional hemispherical reflectance

Let the incident radiation be contained in a solid angle, AQ,, oriented at a specific
angle y relative to the surface normal, Fig. la, and let reflected radiation be collected

NORMAL

INCIDENT
RADIATION

REFLECTED
an, RADIATION

\
. o\
“"? = " TEST
SURFACE
a. DIRECTIONAL-HEMISPHERICAL TECHNIQUE
NORMAL

REFLECTANCE
EASURED

—-an,
HEMISPHERICALLY
IRRADIATED
TEST
SURFACE

b HEMISPHERICAL- DIRECTIONAL TECHNIQUE

Fig. 1. Reflectance definition and coordinates.

over the entire hemispherical space above the surface. We then define the directional
hemispherical reflectance as ‘

ply) = ~—" 1

where de, , is the reflected radiant energy that is collected over the entire hemispherical
space and de, is the radiant energy contained in the incident beam. In general, the
magpnitude of de, , will depend upon the angle of illumination y of the incoming beam.
This is called the direct mode of operation for the integrating sphere.

Hemispherical-directional reflectance

Let the surface under study be illuminated hemispherically with diffuse radiation,
e;.4 while the reflected intensity, 7,(9), is collected in a small solid angle AQ,, Fig. 1b.
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The hemispherical-directional reflectance is defined as

p(6) = I(B)/[e; /7] ¥)

With the use of reciprocity, the reflectances in equations (1) and (2) can be shown to
be identical if the solid angles are the same, AQ, = AQ,.

p(y) = p(H) for 0=y 3

The measurement of p(f) with the integrating sphere is called the reciprocal mode.
Our integrating sphere was operated in the reciprocal mode, that is, the sample
was illuminated by diffuse light from the sphere walls. The ratio of intensity when
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TO VACUUM MANIFOLD
Fig. 2. Schematic of integrating sphere reflectometer.

the center mounted sample was viewed to the intensity when the wall was viewed is
the directional reflectance p(f), (equation (2)). As represented in equation (3) this
measurement is equivalent to illuminating the sample at an angle of incidence y equal
to the angle of viewing 0.

APPARATUS , -

A sketch of the apparatus used in this research is shown in Fig. 2. The integrating sphere was
constructed of stainless steel hemispheres, 20 cm in dia., flanged and joined by a copper gasket seal,
The interior of the sphere was smoked with MgO until a uniform coating of 2 mm thickness was
obtained. Ports were provided on the sphere for the test sample, detector optics, light source, and
vacuum pump.

The sample holder was a stainless stecl cup, 3-8 ¢m in dia., which could be loc ated along the dia-
metrat plane of the sphcre and always held in a horizontal pusltlon

The viewing opiics were arranged so thai the sample or sphere wall could be viewsd by
rotating the optical bench, Fig. 2. The spectral results were obtained with a Perkin-Eimer 112 U
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spectrometer having a tungsten-iodine source and a lead-sulfide detector. The total or white light
measurements were made with a 1000 W tungsten-iodine lamp (DXW] with a reflector. The detector
was a Kipp-Zonen CA-1 thermopile. Details of the design and construction are presented in a tech-
nical report, BIRKEBAK e/ al, (1969).

PROCEDURE

Prior 1o installation of the lunar samples, the sphere system had been pumped down to approxi-
mately 10-¢ torr and held there for several weeks. Those parts of the apparatus which would become
contaminated by handling were cleaned with a methanol and benzene solution prior to loading of the
lunar samples. The lunar sample was loaded under atmospheric conditions and then immediately
installed in the sphere and evacuated to pressures below 10 -® torr. Also, all rock chips and one sample
of fines were tested in an atmosphere of dry nitrogen. Prior to loading of the lunar fines the sample
holder was cieaned with a methanol-benzene solution. The rock chips were held in place with double
backed tape.

18 I T T T T l/l/

VACUUM RUNS

14— SAMPLE 84,68,

/
- ~ATMOSPHERIC
io* RUN

SAMPLE - 84,68,2

DIRECTIONAL REFLECTANCE (%)
S
i

4 —

0| ! L1 ! ! I 1

04 06 08 10 12 14 16 18 20
WAVELENGTH (u M)

Fig. 3. Directional reflectance of lunar fines sample 10084-68.

RESULTS

Measurements were made on Apollo 11 lunar samples numbers 10057-29 (type A);
10047-23 (type B); 10048-21 (type C) and 10084-68 (type D).

The directional reflectance of the lunar fines, 10084-68, mcasured for angles,
y = 0, of 10°, 20°, 30°, 45° and 60° are presented in Fig. 3, The curves are a smooth
fit through data points taken at 002 m interval to 1-0 ym and 0-05 ym to 2-0 ym.
Sample 10084-68-1 was mounted in the sphere and the system evacuated to pressures
below 10-% torr. Therc are no apparent absorption bands in the data over the spectral
range studied. Apams and Jones (1970) shows a-very slight band at 095 um on
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sample 10084-66 and his results correspond closely to the remote sensing results of
McCoRrp et al. (1969). We are at the present time increasing our resolution in order
to study the 0-95 um region of the spectrum. Apams and JONEs (1970) points out, the
band is <5 per cent change in the reflectance in this region. The vacuum reflectance
measurements are in general accord with McCorp et al. (1969) over the rest of the
range of spectrum compared.

The effect of angle of illumination on the reflectance is present in Table 1. The

Table 1. Normalized directional reflectance
reflectance (y)/reflectance (y = 20°)

Sample 10084-68

Wavelength Angle of illumination
(um) 20° 30° 45° 60°
0-55 1-0 1-09 1-54 i-58
0-6 10 097 145 i-38
0-7 10 1-06 13 44
_ 08 -0 1-02 117 1-33
1-0 1-0 1-09 122 i-34
12 1-0 1-08 125 1-34
1-4 -0 1-02 116 1-24
1-6 1-0 1-03 1-19 1-30
1-8 1-9 t-05 115 129
21 1-0 103 1-19 1-31
white light* 10 1-07 118 1-4t

* Source, 1000 W DXW tungsten—iodine lamp.

results are presented as the ratio of reflectance p(y) to the reflectance at p(20°). The
reflectance is seen to increase as the angle of illumination increases and this is in
accord with clectromagnetic theory. There appears to be a slight wavelength effect
present in this data, that is, for shorter wavelengih the reflectance at large y is greater
than that at the longer wavelengths. However, further studies are in process to obtain
additional data to clarify this trend. Listed in the table are results obtained with a
1000 watt tungsten-iodine lamp [DXW]. The results are similar to the shorter
wavelength data.

Sample 10084-68-2 was run at atmospheric pressure 2 months after No. | sample
and No. 2 had been reseale * and stored in the original shipping container for these 2
months. The vacuum measurements are higher than those obtained at one atmosphere
for identical ’s. For the sake of clarity of presentation of results in Fig. 3, the atmo-
spheric results for y other than 10° have not been presented. The difference could
possibly be caused by the surface roughness or texture, contamination, and/or
material packing. HAPKE er al. (1970) discuss the effects of packing on reflectance and
state that the looser the packing the lower the reflectance. These measurements point
out the need for a study using a vacuum packaged sample under controlled conditions.

Total directional reflectances were obtained for the powder under vacuum and dry
nitrogen atmospheres. The vacuum results are higher for thesc measurements than
for the atmospheric pressure results as in the case of spectral measurements. The
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Table 2. Total directional reflectance of Apollo 11 material®

§9mple
No. 10084-68-1 10057-29-1 10047-68-2 10048-21-1
Angle of Vacuum Atmospheric
viewing ¥ run run
10° 0-102 0-098 0-137 0118 0-162
20° 0-101 0-096 0-163 0-126 0166
30° 0117 0-103 0-145 0-124 0-168
45° 0115 0113 0-135 0-128 0175
60° 0-148 0-135 0129 0129 0183

® Source, 1000 W DXW tungsten—-iodine famp.

Sample 10047-23-2 a basaltic type, shows a reflectance spectrum most similar to
the lunar powder as shown in Fig. 4. There are no major absorption bands in the
spectrum but possibly a minor one around 1 gm. The reflectances at other angles of
illumination also indicated a band at 1 um. This rock chip as well as the others were
run under atmospheric conditions. Photographs of all rock chips were taken for
documentation and the area used for study on each sample has been recorded.
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Fig. 4. Directional reflectance of sample 10047-23-2,

It should be noted here that the measurement of the reflectance on the rock chips
as a function of angle is somewhat questionable because of the irregular shape and
condition of the surface. However, for those rock chips where it was reasonable to

make these measurements, they were obtained.

Ny Sy ¢ LLigl

The remaining rock chip measurements in Fig. 5 and 6 show very pronounced
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Fig. 5. Directional reflectance of sample 10048-21.
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Fig. 6. Directional reflectance of sample 10057-29.

absorption bands. Sample 10048-21-1, Fig. 5, a breccia type, has a minimum re-
‘flectance between 0-95 and 1-0 #m and an apparent band centered beyond 2-0 um.
The reflectance spectrum of sample 10057-29-1, Fig. 6, a crystalline type of material
with a cinder-like appearance, has a strong band at 0-95 um but does not have any
other strong bands. However, ihie data suggest a weak band around 17 ym. A
second sample 10057-29-2 was also tested. Its reflectance over the wavelength range
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was between 10 and 20 per cent below that of 10057-29-1. These measurements again
show the strong band at 0-95 yum but a much weaker one, if any, at 1-7 um. The
difference in reflectance is most likely due to the greater density of surface holes and
craters of sample 10057-29-2.

CONCLUSION

The results for the lunar fines confirm in general the measurements made by remote
sensing. The directional reflectances of the fines must be studied further with emphasis
placed on packing and surface texture effects. The measurements made on rock
chips are not useful, at the present time, in energy bal~nce caiculations. However,
they are useful in mineralogical studies.
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Abstract—Spectral reflectance (0-23-2:5 zm) and albedo (0-4-0-7 gm) measurements were made on
fresh powders of rock 10020 before and after both proton irradiation and vitrification. Doses of
2 keV protons, equivalent to 20,000 yr exposure to the solar wind, reduced the albedo from 20 to 18
per cent, while artificial vitrification reduced it to 8 per cent. Vitrification is thus a possible lunar
darkening mechanism.

The crystalline and glassy materials studied show important differences in spectral refiectivity.
Rock powder of 10020 is characterized by prominent absorption features near 10 um and 2-2 um,
and relatively strong reflection in the blue, all attributed to pyroxene. Synthetic glass, on the other
hand, has broad absorption bands at 1-02 «m and 1-8 zm and strong reflection near 07 um. Weak
structure near 0-95 zm in the spectrum of lunar fines arises mostly from pyroxene,

Lunar rocks and fines and synthetic lunar glass are used to interpret qualitatively color differences
for some bright and dark arcas of the Moon's surface obtained by McCorp and others. Reflectance
ratios in the visible spectrum are interpreted to indicate that bright craters are covered in part

by crystalline rock or crushed debris derived therefrom, and dark areas by material similar to
Tranquillitatis fines.

INTRODUCTION

SptcTrAL reflectance (0-23-2:5 ym) and albedo (0-4-0-7 um) measurements have
been made on samples of crushed lunar material,* as a measure of changes in optical
properties resulting from proton irradiation experiments and from artificial vitrifica-
tion. Reflectunce changes produced by such experiments have been summarized by
Nast et al. (1970). Here we expand on those results and present some applications to
available telescopic data for the moon.

Darkening of lunar surface material by solar-wind bombardment was suggested
by Harke (1965, 1966) and WEHNER er al. (1965) as a result of their experimental
work on silicates. NasH (1967) showed that darkening of silicates can result experi-
mentally from carbon and metal contamination and high sample temperature in the
presence of a hydrogen atmosphere. CoHEN and HAPKE (1968) later suggested that
solar u.v. radiation, electrons and protons may increase rather than decrease the
albedo of lunar surface debris. The reflectance measurements reported here show that
freshly crushed crystallinc materiai (Type A, 10020) darkens slightly as a result of the
proton irradiation experiment, However, contamination is suspected and we cannot
attribute the sample darkening obscrved exclusively to the proton irradiation itself.

Type D fines (<< | mm size fraction) contain up to 50 per cent glass (Woop er al.,

¢ The samples used in this study are described by Nas# and Grrer (1970).
2013
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1970). Like holocrystalline rock, crushed synthetic glass darkens slightly with proton
irradiation. Vitrification reddened the material fused, and has reduced the albedo by
more than a factor of one-half. Thus, glass may contribute to the low reflectance of
the Tranquillity fines, and to the slightly red color of the material.

Using the synthetic glass of 10020 as a reference in some differential reflection
experiments, reflectance ratios have been produced that qualitatively resemble those
obtained by McCorb (1969) and McCorp and JonnsoN (1969) for some dark and

‘bright arcas of lunar surface. The implications of this experiment are: (1) MCCORD's

standard area (Mare Secrenitatis 2) may have reflectance properties similar to the
laboratory-prepared glass in the visible, (2) dark lunar areas reflect in the visible
like Tranquillity fines and (3) that some bright craters have reflectance properties
resembling those of crystalline rock 10020 and 10058.

EXPERIMENTAL METHODS

"Hemispherical spectral reflectance measurements were made with a DK-2A ratio-recording
spectroreflecctometer. The standard instrument was modified to accept horizontal, uncovered samples
of granulated or solid material by installing 45° flat front-surfaced aluminized mirrors in special
housings at the exit ports of the intcgrating sphere. The integrating sphere, housings and reference
surfaces were coated with fresh-smoked MgO.

The comiparative reflectance data are given in such a way that reportcd sampie reflectance R,(1) at
wavelength 1 is approximately

R'(l) = Rt(A) - RMKU(A).

where R(4) is “"truc”™ sample reflectance and Ryg,(4) the reflectance of MgO.

From repeated spectral measurements the signal-noise ratio is estimated to be approximately 500
throughout the visible and i.r. regions, and 100 in the ultraviolet region. An error analysis based on
the method of data reduction shows the accuracy of any spectrum to be approximately 0'5 per cent
relntive to MpO in tho region 0:36 24 ym, and 2 per cent between 0-23-0-36 pm.

Sumples were hnndled and prepared in dry Ny, This procedure was not followed after experiments
showed no detectable effects on any of our measurements from exposure of the samples to air,
Refleciance measurements, however, were routinely made with the instrument Aushed with dry Ny,

The albedo, meaning here the bi-directional integral reflectance (0-4-0-7 em) measured with
vertical illumination and phase angle of 157, was determined with a goniophotometer using a xenon
lamp. All such bi-directional measurcments were made in air relative to fresh-smoked MgO.

The irradiation apparatus and experimental procedures used have been described in detail
elsewhere (NAsi, 1966, 1967). However, in the present work, design of the proton source was opti-
mized for the lumincscence investigation (NAsH and GREER, 1970) by the addition of ion beam apertures
to reduce background tight from the ion source. This modification increased the likelihood of sample
contamination by aluminum metal sputtered from the walls of the apertures,

Long term irradiation cxperiments were conducted with fresh fine-grained crystalline rock (10020)
and with artificial glass prepared from this material, both crushed to particle sizes 750 #m. Much of
the Type D fines (10084) consists of glass, a component that presumably formed in part from crystalline
parent material judging from glass lincd pits and glass spatters on crystalline rocks. To determine the
effects of irradiation on the reflectance and albedo of fresh glass a representative sample of 10020 was
fused in platinum in a high purity dry nitrogen atmosphere.

Powdered crystalline and glass samples were lightly packed in sample cups and subjected to
2 keV proton irradiations at fluxes in the range 3 10 x 10 protons cm # sce * for doses of 4- and

2 x 10" protonscm ? (cquivalent respectively to approximately 2 X 10" and 10* years exposure to the
soiar windj. '
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RESULTS

Reflectance spectra of these materials before and after irradiation are shown in
Figs. 1 and 2. In general the reflectance of unirradiated rocks, fines and glass increase
with increasing wavelength. The reflectance of crystalline material has a prominent
minimum close to 1-0 um and other more subtle structures near 1-3 um, 1.7 ym and
22 ym. In glass there are broad minimums at 1-02 um and near 1-8 um. By com-

parison, the spectrum of lunar fines (10084) shows a single shallow minimum close to
095 um.
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Fig. |. Hemispherical reflcctance spectra of fine grained crystalline rock 10020
(crushed to < 50 pzm) before and after 2 keV proton irradiation simulating ~2 x 104 yr
(4 x 10" protons cm 1) solar wind bombardment. Spectra of natural tunar fines
(10084) shown for comparison. Infrared curves show typical line key for other spectra.
Approximatc resolution is denoted by arrowtips within vertical bars.

In the visible, the spectrum of 10020 has relatively high reflectance in the blue
compared to synthetic glass, in which there is pronounced enhancement in red
reflectance. Comparing Figs. I and 2, the lunar fines (Type D) give a spectrum similar
to artificial glass, but with greatly reduced spectral contrasts.

In the u.v. the spectrum of 10020 shows two subtle structures near 0-25 and
0-32 um. The reflectance of soil has a subtle mintmum near 0-30 yom. The spectrum of
glass is essentially featureless. All of the indicated structures, however, are close to the
limits of detectability.

In all spectral regions, the reflectance of both irradiated and unirradiated glass is

iess than that of the originai crystaiiine sampie

y as much as a fucior of one-third,




2016 J. E. ConeL and D. B. NasH

The experimental proton irradiations have reduced the spectral reflectance of both
crystalline material and synthetic glass in the infrared below about 1-5 um, and uni-
formly in the visible; indicated changes in the u.v. reflectance of glass are within
experimental uncertainty. ‘

The small displacements in band position seen in spectra of irradiated material
can be attributed to distortion of band shape from sloping spectral background, and
not necessarily from changes in mineral or glass structure.
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Fig. 2. Hemispherical reflectance spectra of crystalline material (10020), its glass

equivalent crushed to <250 im, and glass after irradiation. The 2 keV proton dose is

equivalent to ~10% yr (2 x 10** protons cm~?) exposure to the solar wind. Infrared

curves show typical line key for other spectra. Approximate resolution is denoted
by arrowtips within vertical bars.

The irradiation has reduced the albedo of the crystalline material from 20 to 17
per cent, and that of the glass from 8 to 5 per cent; vitrification alone changes the
albedo from 20 to 8 per cent for the sample studied.

The cause of experimental proton irradiation darkening is not fully understood,
but contamination by aluminum is suspected to play a role. The situation for previous
experiments is discussed by Nasu (1967). The contaminant films involved are
estimated from thin-film measurement to be on the order of several hundred angstroms
or more in thickness. Films of this dimension are not readily amenable to composi-
tional analysis by techniques available to us, and the nature of the contaminants is
uncertain. Based on the present experiments we are thus cautious in asserting that
proton irradiation produces significant lunar darkening, or from study of scanning

electron photomicrographs, detcctable changes in microscopic surface structure.
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Alternatively, vitrification may be an important darkening process. Except in the u.v,,
neither the experimental irradiation dose nor artificial vitrification alone has produced
material with the reflectance properties of lunar fines.

Table 1. Albedo of selected lunar materials

Sample Albedo*
Fines, <1-0 mm, gravity packed 0-061
Fines, <150 um, gravity packed 0:069
Fines, 150-1000 pm fraction ground to <50 um 0-075
Solid rock surface (10020, exterior bottom) 0-125
Powdered rock (10020, ground to <350 um, gravity pack) 0-197
Powdered rock (10058, ground to <50 um, gravity pack) 0-200

¢ Normal incidence ittumination, 15° phase angle.

In addition to the albedo measurementsof irradiated material, we have determined
the albedo of some other unirradiated lunar samples available to us. The results are
given in Table 1. In particular, we note the increase in albedo arising from pulveriza-
tion of holocrystalline rock to values like those measured for some lunar rays (VAN
DIGGELEN, 1969). These data support pulverization as one commonly accepted
mechanism of lunar ray production.

Hand picked separates of plagioclase and calcium-rich clinopyroxene, each
containing 15-20 per cent of the other, were prepared from our sample of 10058.

PLAGIOCLASE

PLAGIOCLASE 80%,
PYROXENE 20%
(TYPE B)

PYROXENE S0%
AL @V 7,

PLAGIOCLASE 15%
ILMENITE 3%
(TYPE 8)

SYNTHETIC GLASS

{TYPE A)
§ 182
- ol FINES
v {(YYPE D)
0.95
03 7o T3 70 BEX)

Aopm
Fig. 3. Hemispherical reflectance spectra of partial separates of plagioclase and pyroxene

from rock 10058 (Type B), and synthetic glass of 10020 (Type A) compared to spectrum
of lunar fines 10084 (Type D).

The rock contains no olivine. {The mineralogy of 10058 is discussed by AGRELL ef al.
(1970) and HARGRAVES et al. (1970).] Using the spectra of these separates (Fig. 3)
and glass, we can deduce the origin of some bands in the spectra of 10020, 10058 and
10084. The curve for the plagioclase-rich separate is dominated by the presence of
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and in the spectrum of rock 10020 (Fig. 4) arises from plagioclase. Strong bands near
1-:0 um and 2-2 um in rock 10020 are attributed mainly pyroxene. However, this rock
contains 3-5% modal olivine (HAGGARTY et al, 1970) which may contribute to
the 1-0 um structure. The weak inflection in our spectrum of rock 10020 near 17 um
is not apparent in the spectra of either plagioclase or pyroxene mineral separates
(Fig. 3), and the structure does not appear in the spectrum of rock 10058 (Fig. 4). An
important difference in the mineralogy of these two rocks is the absence of olivine in
10058. However, such structure is not typical of the olivines (ADAMS, 1968), nor was a

} 10020

10% 10058

T .

0.96

REFLECTANCE (RELATIVE TO MgO)

af
8
o
E

o3 24

Fig. 4. Comparison of the Infrared reflectance of 10058 and 10020 showing the absence

of 1'7 um structure in spectrum of 10058, A line through points A and B is back-

ground assumed for correcting apparent position of 0-96 ysm band to “‘true™ position
at 0-98 um.

band at this wavelength reported by HAGGARTY et al. (1970) in their microscopic
measurements of the absorption spectra of olivine in 10020. The rock is reported to
be holocrystalline (LSPET, 1969) so that the structure cannot be attributed to glass.
The origin of this feature is uncertain.

The spectrum of synthetic glass is dominated by two broad bands at 1-02 ym and
1-8 um (Fig. 3), which is characteristic of results we have obtained with other
synthetic rock glasses. By analogy with crystalline silicates (WHiTe and KEESTER,
1966; BANCROFT and Burns, 1967) and silicate melts (BurNs and Fyre, 1967) we
attribute these bands to electronic transitions within Fe*? ions in octahedral and
tetrahedral sites in the glass structure; the breadth of the bands may arise from large
variations in metal-oxygen distances in glassy vs. crystalline structures. No absorp-
tion bands are obscrved that are attributed to d-orbital transitions in Fe*? ions,
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In macroscopic appearance large fragments of the artificially fused material are _
black, vitreous and opaque. Powdered glass is dark brown. Microscopically indi-
vidual glass fragments are transparent and yellow to red-brown in color. Analysis
of iron in the sample using Mdssbauer techniques shows that the ratio Fe+?/total
Fe < 0:04. There is no detectible Fe,0,. :

The mechanism of coloration of artificial glass 10020 and similar natural lunar
glasses is an interesting question. Orange, red and brown lunar glasses are char-
acterized by relatively high ferrous iron and titanium contents (DUKE et al., 1970;
KEIL et al., 1970). Ross et al. (1970) have reported high titanium and aluminum
contents in lunar pyroxene associated with intense reddish brown color, with the
valence of titanium apparently +4. It is difficult to see how d-d transitions in Ti*3
alone or in combination with similar transitions in Fe*? can account for strong blue
absorption in the glasses. Alternatively, a charge transfer (ligand-metal) transition
involving ionic forms of iron and titanium is an attractive possibility. Charge transfer
bands are strong, and are known to occur in the near u.v. part of the spectrum
(CotToN and WILKINSON, 1966), and thus can produce absorption in the blue.

From study of the mineral separate spectra, we conclude that the shoulder span-
ning the visible spectrum of 10020 between 0-39-0-5 um (also in 10058) is due princi-
pally to pyroxcne. However, because of the small amount of material avaifable, and
because of the impurity of the separates, some contribution to this structure from
plagioclase is possible. Apams and Jones (1970) show a shallow absorption band in
the spectrum of 10020 at 0-5 um, which appears indistinctly in our spectrum; they
attribute the band to titanium in the pyroxene.

Most absorption bands in the reflection spectra thus far presented are broad
shallow structures which are distorted by contributions from other minerals present
in the assemblages involved, and by sioping specirai background. The effect of
mincralogy (in this instance plagioclase) is demonstrated by the apparent displacement
to a shorter wavelength of the 2:2 um band of pyroxene (Fig. 3). Corrections for
spectral background require assumptions of undistorted band shape and knowledge
of the undistorted background. For example, assuming symmetrical band shape and
taking the background to be represented by a line connecting A-B in Fig. 4 for 10058,
the true position for that structure is found to be 0-98 ym in agreement with the band
position determined for pyroxene. A similar correction applied to 10020 yields a
corrected band position of 1-02 um, which from the absorption measurements on
single olivine crystals in 10020 by HAGGARTY et al. (1970) implies some contribution
to the band from olivinc if the pyroxenes in 10020 and 10058 are comparable. Itis not
possible to analyze accurately the poorly defined band near 0-95 xm in the fines in a
similar fashion; the corrected band position is determined to lie between 0-95 and
1-06 um.

Comparison of all spectra in Fig. 3 with that of fine material (10084) suggests that
the structure at 0-95 ;sm, the true position of which is at some longer wavelength, may
arise from pyroxenc and possibly glass. (Dctermining the contribution of glass, in the
absence of olivine, hinges on accurate knowledge of band position and shape.} Other
structures near 2 #m expected from these components are not present in our spectra of
the fines. The contribution of ofivine cannot be determined from these spectra,
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COMPARISONS WITH TELESCOPIC RESULTS

McCoro (1969), MCCoORD et al. (1969), McCorp and JounsoN (1969), and
JounsoN and SopersLoM (1970) have presented relative spectral reflectance curves
between 0-4 and 11 um for many areas on the lunar surface. While a great variety of
curve shapes have been obtained, certain structures tend to recur in many of the
results. These include maxima (or minima) near 1-0 ym, a minimum (or maximum)
in the red between 0-60-0-80 xm and a maximum in the blue near 0-46 um. The
spectral reflectivity differences measured with respect to the standard area, Mare
Serentitatis 2, are usually small (<5 per cent). Using our lunar samples and synthetic
glass discussed previously we can make a suggestive (but necessarily qualitative)

TYPE D (fines)
/_ TYPE A (GLASS) |
14
MARE SERENITATIS 14 1@
MARE SERENITATIS 2 (McCORD, 1969) |, 25
MARE TRANQUILLITATIS | i 8
. MARE SERENITATIS 2 o2
° 1o G
- LI0F /\/\ 10.9 w
:uu- ""ﬁ 40.!&
K o
3 1.00}F . D <407
z"y 5  (McCORD & |
Sros JOHNSON, 1959)
g 1.00}
-t
woosl . P - - AT :
o - 0.40 0.30 0460 Q70 950 0810 i3 E X
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Fig. 5. Ratio of reflectance of tines 0084 (Typo I3, - 11 mm size fraction) 1o synthetic

glass 10020 (Type A) simulating reflectance of dark iunar regions Mare Serenitatis i4

and Mure Tranquillitatis 1 relutive to standard area Mare Serenitatis 2. Telescopic data

from McCorp (1969) and McCorp and JoHNsoN (1969). Ordinate scale on right refers
to laboratory curve.

interpretation of some of these results. Accurate comparisons are not possible since,
among other things, we are comparing laboratory hemispherical with telescopic
bidirection reflectance measurements. In addition, this interpretation may not be
unique.

Experimentally we have modeled the telescopic observations by using synthetically
fused lunar rock (10020) as the reference material, and the lunar fines (10084) and
crushed microgabbro (10058) to represent selected dark and bright lunar regions,
respectively. Glass was chosen as the reference since it alone of the materials examined
has a reflectance maximum near 0-7 um, and thus will produce features near this wave-
length in reflectance ratios. The reflectance ratios obtained, normalized to unity at
0-52 um, are shown in Figs. 5 and 6.

The present interpretation then is that minimums in the lunar curves at 0-7 um
arise from comparing a maximum in red reflectance in the reference area with a
featureless spectrum (or one that varies relatively little with wavelength) of the source




Speciral reflectance and albedo of Apollo 11 samples: Effects of irradiation and

area. The precise location of the red minimum in any instance will depen&m
the shapes of both curves. The appearance of a maximum in the blue in
regions depends upon the existence of a blue shoulder (or maximum) in the spectrum
of crystalline material, presumably resulting from pyroxene, the precise location and
shape of this feature again depending on the detailed shapes of both curves. Com-
parison of reflectance ratios with data of McCorD and Jounson (1969) beyond 0-8 um
(Fig. 5) suggests that the 1-0 um structure secn in their data occurs in the reference

area, but for the most part is not attributable to glass of the type we have made from
rock 10020.

TYPE B (GABBRO}
TYPE A (GLASS)

REFLECTANCE RATIO

COPERNICUS 2 (FLOOR) mccoR
MARE SERENTATIS 7 W CORD: 1969)

1.0 \’

. i A e

A ”) [ _—— .
0.40 0.50 0.60 0.70 080 0810 1.8 2.0

\, um

Fig. 6. Ratio of reflectance of crushed rock 10058 (< 50 #m) to synthetic glass 10020
(Type A), simulating the reflectance of the bright crater Copernicus (floor) relative to
standnrd area Mare Screnitatis 2, Telescopic data from McCorb (1969).

The contrasts in our reflectance ratios are much greater than those observed
telescopically. This implics that actual reflectance contrasts on thc moon are lower
than our laboratory samples, perhaps because dark fines or other absorbing materials
are mixed in varying amounts with crystalline rock debris on the moon’s surface.

SUMMARY AND CONCLUSIONS

Spectral hemispherical reflectance measurements of Tranquillity samples and
synthetic glass prepared from such samples before and after experimental proton
irradiation equivalent to approximately 20,000 yr exposure to the solar wind, show
that these materials darken somewhat as a result of such irradiation. The precise
mechanism of darkening is not understood. Vitrification reduces the spectral
reflectance in all spectral regions, and reduces the albedo to within a few per cent of
average Tranquillity fines. Important absorption features in the visible and infrared
spectra are attributed primarily to pyroxenc. The spectral reflectance of glass in the
infrared is distinct, and may contribute measurably to a subtle minimum observed
near 0:95 #m in lunar fines; otherwise this structure is attributed principally to
pyroxene.
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Synthetic glass of rock 10020 was used as a reference material to model results of
lunar telescopic observations. On our interpretation, MCCORD’s reference area
(Serenitatis 2) shows a maximum in red reflectance (possibly due to glass), a minimum
near 1-0 um, and is relatively featureless elsewhere. Some dark lunar areas resemble
Tranquillity fines, and some bright areas crushed microgabbro (10058). The maxima
and minima in reflectance ratios are only indirectly indicative of mineralogy.
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Optical and high-frequency electrical properties of the
lunar sample*
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Abstract—Reflectivity and polarization laws for the powder sample and its spectrum are close to the
mean for thelunar maria. Solid samples show a marked absorption feature at 0-92 #m. The lowalbedo
appears to be due to a surface coating on dust graing rather than to volume absorption. The high-
frequency electrical properties resemble those of a fine powder made from typical dense terrestrial
rocks and are consistent with previous estimates from ground-based radar observations. The differen-
tial mass spectrum is almost constant from 100-xm particles down to 0-1-um particles; most particles
are smaller than 0-3 um. Their shapes disclose a variety of processes of generation.

LunAR dust and rock chip samples have been analyzed in the lunar laboratory of the
Cornell Center for Radiophysics and Space Research; our concern has been with
the optical and electrical propertics of the sample and their relation to those known
for the lunar surface as a whole, and with the questions surrounding the origin of the
lunar dust. Four salient points have emerged.

(1) The optical scattering law and polarization properties of a surface of lunar
dust generally correspond closely to these properties as observed for the moon as a
whole. The rock chip sample shows a strong absorption feature at 092 um which is not
prominent in the lunar scattered light. It is probable, therefore, that most of the lunar
surface is covered with a material similar to the powder that was investigated.

(2) The dielectric constant is within the range that had been estimated for the moon
as a whole by radar methods.

(3) The particle size distribution indicates that the differential mass spectrum as a
function of radius is almost constant from 100 um down to 1000 A. The shapes of the
particles indicate a varicty of sources. Some have the sharp edges that are character-
istic of fracture; others are rounded, indicating processes of melting or condensation.
Some cannot readily be attributed to either of these mechanisms.

(4) The darkness of the lunar dust is mainly due to dark surface deposits on the
grains, probably metallic, rather than to absorptivity of the bulk material.

The optical scattering law as a function of phase angle and the optical polarization
law were measured with the same instrument that had been used for measuring many
sample powders in the past and in the same manner (HAPKE, 1968). The lunar powder
proved to resemble, both in appearance and in the measured optical properties, the
lunar maria as observed from the earth and the terrestrial powders previously pro-
posed (HAPKE, 1968) as being most closely representative of the moon. These pow-
ders also proved to be similar under optical microscope examination. The particle

® This article was reprinted from Science (Vol. 167, pp. 707-709, 1970) without further refereeing
and with only minor revisions by the authors.
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size was similar, the great majority of the particles being less than 10 um in dia. The
adhesion of the small particles to each other indeed created the “dendritic growth”
appearance under the microscope that has been given the name “fairy castles”. It
appears that the large part of the pronounced lunar opposition effect—that is, the
brightness surge toward zero phase—can be attributed to the shadows cast by this lacy
surface structure.

Figures 1 and 2 summarize the optical properties of the Apollo 11 samples. Each
data point represents the mean of several observations of different portions of a
sample, and the measurements repeated very well. In Fig. 1 the photometric phase
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Fig. 1. The dependence of refieciiviiy and polarization on phase angle at wavelength
of 5600 A and ai normai viewing. {Curve for the moon from HAPKE (1968), with
arbitrary normalization of reflectivities.]

function of the lunar dust sample is gencrally steeper than the mean lunar case
(HarxE, 1968) for phase angles less than 15°, but the difference is very small. The
curve for polarization plotted against phase angle (Fig. 1) also demonstratesthe similarity
of the dust sample to the moon as a whole, but, again, therc are minor differences; the
crossover from negative 10 positive polarization occurs at a lower phase angle, and
polarization in the positive branch is greater,

The normal albedo of the dust sample at 5600 A was measured as 102 + 0-2 per
cent. This value is in close accord with the value 9:96 per cent for the Apollo 11
site, as derived from Apollo 10 orbital photography (WiLDEY and POHN, 1969). More-
over, in the hemispherical reflectance measurements performed on aCary 14 spectrom-
eter, the albedo values of the dust sample in the visible and near-infrared were similar to
lunar maria values obtained from earth-based observations. Both spectra are feature-
less, climbing stcadily in albedo from ~0-3 to 1-5 um (Fig. 2). Lunar rock chip
samples were also measured on the spectrophotometer, and a strong absorption band,
not present in the powder sample, appeared at 0.92 um. A weak band in this region
had previously been suggested, from earth-based observations of the moon (WATTSON
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and DANIELSON, 1965; TuLL, 1966). Further details of the optical properties of the
Apollo 11 samples will be presented in the near future (O’LEARY and BRIGGs, 1970).

Rock powders in the size range of a few microns tend to be very light in color.
Most rocks have too low an opacity to absorb much of a light ray, which is generally
scattered out of the surface after having traversed only a few microns of material.
Trying to account for the very low albedo of the lunar surface has been a long-standing
problem, in view of the indication, from the optical scattering and polarization
properties, of very small particle size, since even the darkest rocks tend to be quite
light when powdered. We have previously, in this laboratory, undertaken sputtering
experiments with kilovolt protons and with «-particles on powdered rock surfaces,
which have indicated darkening. Tt has been suggested that this darkening was due
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Fig. 2. The spectral reflectance of Apollo 11 lunar samples. [Curve for the moon
from WATTSON and DANIELSON (1965).]

to the deposition of reduced metals, perhaps chiefly iron, on the surface as a result of
the dissociation by the sputtcring process, the partial escape of the oxygen, and the
slowness of surface recombination limited by diffusion.

Metallic surface coatings of as little as 30 A can provide much opacity but would
make only an insignificant contribution to the bulk chemical composition. We have
seen strong evidence for such coatings, but we have not yet been able to analyze them
adcquatcly Whether they are indeed the result of sputtering or of other metal evapo-
ration (vacuum plating) processcs, or whether perhaps they are just the reduction by
the hydrogen of the metallic surface layers produced by solar wind, is not yet clear.
However, we have had the following indications of the presence of metallic layers.

We observed under the microscope that some larger particles in the size range
50-200 um that could be found in the lunar soil sample had a metallic appcarance,
sometiimes over only a certain pari of their surfacc. Some particles could be clearly
seen as translucent glass in which a well-defined area appeared metallic. One sphere,
for example, looked like a honey-colored giass from one side but like a stcel baii from
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the other. When treated with the common acids (hydrochloric and nitric) that attack
metals, the metallic appearance was generally reduced but not completely removed.
Hydrofluoric acid generally tended to remove the metallic appearance entirely, even
before a visible erosion of the particle had taken place.

For most of the material an optical examination is not feasible because the particles
are too small. Nevertheless, when the same acids were applied to a microscopic
sample of fine powder it quickly turned very much lighter, almost white. It seems
likely, therefore, that in the finer material a metallic surface coating is also normally
present, and responsible for the low albedo.

The measurement of a particle size distribution for such small grains is not an easy
matter. The cohesion of the grains prevents analysis of the smaller sizes by sieving, as

0 _
10

Cumutative number larger than o
)

\

2L.. 1 1 1
10—

0.1 | 10 100
Size o, um

Fig. 3. The cumulative particle size distribution for the bulk sample.

was pointed out by the preliminary investigators (LSPET, 1969). We have used three
techniques: (i) making microscope slides of the powder mixed into a transparent
varnish and smearcd out into a thin layer, which permits-us to count the particles with
an oil emersion microscope down to sizes of about 2 um; (ii) constructing a water
sedimentation column in which the descent of particles as small as I zm can be photo-
graphically registered; (iii) determining the size distribution of the smallest particles
from the scanning clectron micrographs referred to below. The three methods give
consistent results (Fig. 3).

The detailed shapes of particles can be seen to a resolution of 300 A in numerous
scanning electron microscope pictures that were taken to see whether the origin of the
material was revealed by the particle shapes.

Our studies indicate that various different cffccts have been active in producing the
fine material. Some particles are spherical and rounded, suggesting condensation from
a vapor or freezing of a liquid in frec fail. Others are sharp-cdged and angular,




Optical and high-frequency clectrical properties of the lunar sample 2153

undoubtedly the result of fracture. They lack, in general, any obvious indication of a
crystalline structure, as neither cleavage planes nor preferred angles are seen. It
would appear that mest of the fractured material is amorphous, or, if any of it is
crystalline, that the size of the crystals is below the limit of resolution.

The spherical or compact round particles seen are less frequent but may form a
continuous sequence from the 100-um range down to very small sizes. The great
majority of particles in the 10- to 1-um size range have, however, more intricate shapes
that are not readily understood. There are many rounded surfaces, and yet the particle
as a whole is not compact. Elongated objects with rounded ends, surfaces where the
sense of the curvature often changes, rough spots occurring in smooth surfaces, and
various other features arguc against anysingle explanation—liquid droplets, condensa-
tion, or fracturing. Additional processcs such as erosion by sputtering, partial
melting, and partial evaporation must be considered, and scanning electron micro-
scope study of these mechanisms is needed before all the responsible processes can be
identified.

Measurements were made by means of the technique used for determining the clec-
trical properties of terrestrial rock powders (CampseLL and ULRICHs, 1969). The
dielectric constant (¢') and loss tangent of lunar dust at several stages of compaction

50
6+ t ~140
Estimated density
of solid
-] o Absorotion lenath . 39%
¢ g
4t - 20 g
« ,
* 3
3 \+
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Fig. 4. The dielectric constant and absorption length of the butk sample at 450 MHz as

a function of the powder density. The solid curves are the Rayleigh formula (CAmpoeLL

and Utrichs, 1969). The estimated density of solid is from LUNAR SameLr Pre-
LIMINARY EXAMINATION TEAM (1969).
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were measured at 450 MHz. The measurement in each case included a measurementof
the density of the sample, and the porosity was calculated from the quoted specific
gravity of the rock of which the powder is composed (LSPET, 1969). The dielectric
constant and the absorption length (Fig. 4) are consistent with the values deduced from
ground-based radar (Evans and PETTENGILL, 1963) and radiometric observations,
respectively. As with terrestrial rock powders, the dielectric constant and loss tangent
as a function of porosity follow the Rayleigh mixing formula and, by extrapolation,
suggest a dielectric constant for the solid rock of the same composition as the lunar
dust which is near the average for dense terrestrial rocks (about 7). The dielectric
constant is about 3 for the dust at a typical porosity of 0-4. The absorption length at
the same porosity, in this sample, is about 10 wavelengths,
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Abstract—Lumincscence measurements with ultraviolet excitation were made of four Apollo 11 lunar
rocks, two terrestrial rocks (granite and gabbro), and one terrestrial mincral (willemite) by comparing
the spectral curves with the curve of a barium sulfate standard. Upper limits of the efficiency in the
4000-6000 A band with 3000 A excitation were between § « 10-*and 2 x 10~ for the lunar samples,
2 x 107 for gabbro, 6 x 10-® for granite, and 2 x 10-2 for willemite. If thesc are typical values for
other ultraviolet excitation wavelengths, the Apollo 11 site appears to contribute little to the reported
lunar luminescence. Preliminary results with excitation by the hydrogen glow discharge spectrum
from the far uftraviolet through the visible, which included the Lyman-alpha line at 1216 A, indicated
that possible luminescence in the ultraviolet was produced both as strong lines and as groups of lines.

INTRODUCTION

THe PROGRAM of luminescence studies that we are conducting on the Apollo 11 lunar
samples, some of the first results of which are given in this paper, has three objectives:
(1) to understand how thec luminescence behavior reflects the origin, history, and
environment of the lunar lithologic materials, (2) to discover luminescence charac-
teristics of the lunar rocks that might aid in geologic mapping and other lunar
exploration activities, and (3) to evaluate the reports of luminescence on the moon
based on earth-based astronomical observations. This last objective arose out of a
proposal by Link (1946) that, according to his interpretation of eclipse data, the light
of the moon contains a luminescence component in addition to the reflected solar
component. Later obscrvations seemed to confirm this idea—in particular, those
made by Kozyrev (1956), Dusots (1959), GramnGer (1963), and SpiNrAD (1964) using
the Fraunhofer line-depth technique.

In order to achicve these objcctives, the luminescence spectra and efficiencies are
being measured and the results compared with those of similar measurements of
terrestrial rocks and minerals. The excitation sources used are those of importance
in the space environment--u.v. (1216 and 2000-4000 A), X-rays (0-4-8 A), protons
(2-150 keV), and electrons (2-150 keV). The luminescence spectra are measured
from 1216 A, or from the exciting wavelength if it is longer than 1216 A, to 6000 A.

 The first resuits of this program, which are given in this paper, invoive measurc-
ments with excitation by 3000 A and by far u.v., including the hydrogen Lyman-alpha
at 1216 A. The objective of the measurements with 3000 A excitation was to deter-
mine the luminescence spectra and efficiencies; that for the measurements with far
u.v. excitation was to obtain qualitative spectral information on the luminescence,
especially that in the u.v. wavelengths.

2155
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EXPERIMENTAL PROCEDURE

For the experiments with middle and near ultraviolet excitation, a Hanovia 2500 W high pressure
xenon-mercury lamp was used as a source. The light first passed through a Gaertner quartz prism
monochromator with a Corning 7-54 filter at the exit slit; the latter was to prevent wavelengths in
the source longer than 4000 A from entering the sample chamber as a result of scattering in the mono-
chromator. The light from the sample then passed through a Jarrelt-Ash 0.25 m grating spectrom-
eter and finally to an EMI 9558QB photomuitiplier tube. The photometer output was measured by
a Keithley 417 picoammeter and recorded by a Moseley 2D-2 X-Y recorder. For some runs, a
Corning 3-74 filter was placed between the sample and the entrance slit of the Jarrell-Ash. This filter
was t0 cut out second orders and scattering of wavelengths shorter than 4000 A. A wavelength band
of about 200 A full width at half maximum, centered at about 3000 A, was used for excitation. The
band from 2000-6000 A was recorded, but luminescence could be determined only over the band from
about 3500 to about 5500 A for runs without the 3-74 filter because of the intensity of the first and
second order peaks of the excitation wavelength; the luminescence could be determined only over the
band from about 4000-6000 A for runs with the 3-74 filter because of the cutoff at 4000 A.

The experiments with far u.v. irradiation, including hydrogen Lyman-alpha (1216 A) at an inten-
sity approximating that from the Sun at the top of the earth’s atmosphere, were made with the full
spectrum of emission from the hydrogen glow in a capillary-flow direct current discharge lamp
(Hunter version). A magnesium fluoride window was placed between the source and the sample to
prevent hydrogen gas from entering the sample chamber. The light from the sample was recorded ina
way similar to that for the middle and near u.v. measurements except that the Jarrell-Ash spectrom-
eter was flushed with nitrogen to allow the passage of the far ultraviolet, and an EMR 541-F-08
solar blind photomultiplier, with a principal range of sensitivity from 1050-3500 A, was used in &
photon-counting mode with a Solid State Radiations Laboratories Series 1100 photon counter. In
this mode, the signals were of the order of 10* counts per second, and the dark count was about
seven counts per second.

The samples werc mounted on a 12-position turntable inside a vacuum chamber. Six samples
from four lunar rocks were included as follows:

Course-grained igneous: 10044-38 (exterior) and 10044-53 (interior)
Fine-grained igneous: 10022-55 (surfucc) and 10057-45 (interior)
Breccin: 10048-36 {inlerior) and 10048-37 (bottom).

The exposed surface area ranged from a little less than one to a little less than two square centi-
meters, Terrestrial comparison samples consisted of granite from the Ei Capitan formation, Mariposa
County, California; gabbro from near San Marcos, San Diego County, California; and willemite
from Franklin Furnace, New Jersey, the latter a highly luminescent mineral. The compositions of the
two rocks, determined from thin-section study, are:

Granite: 109 quartz, 59, K-feldspar, 609/ plagioclase
(Ang,), and 25%; biotite.

Gabbro: 139 K-feldspar, 63 % plagioclase (Ang), 15%
biotite, 3% hornblende (mostly as alteration
product of augite), and 6% augite

As the feldspars and quartz show much higher luminescence efficiencies than the ferromagnesian
minerals (GR:ENMAN and MILTON, 1968; NasH, 1966), the gabbro is somewhat similar to the lunar
rocks in lumincscent mincral content, but important differences exist, chiefly in that the lunar rocks
contain no K-feldspar, have more calcic plagioclase, and have more abundant nonluminescent
components-—fcrromagnesians, ilmenite—relative to the feldspar (LSPET, 1969). The remaining
three turntable positions were occupied by a barium sulfate surface to serve as a reflectance standard,
a thermopile for absolute energy calibration, and an aluminized mirror for comparing source and
sample spectra in the far ultraviolet measurements.

i
#
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DATA ANALYSIS AND RESULTS
Irradiation at 3000 A

Figure 1 shows the spectrum of willemite, which has a relatively high efficiency,
about 2 x 10~2; the lumincscence, which peaks at about 5200 A, is clearly seen above
a low background and separated from the second order peak of the 3000 A exciting
line. The luminescence efficiencies of the other eight samples proved to be too low to
give so distinct a spcctrum. As a result, the sensitivity of the detector had to be
increased by at lcast an order of magnitude to obtain a usable signal. This served

w} ( ‘ I"l
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Fig. 1. Luminescence of willcmite. Lumincscent band with peak at about 5200 A

stands out clearly. Peaks at 3000 and 6000 A are the first and second order, respectively,

of the exciting line. Small peaky at about 1300 and 3600 A are stray light background
from the monochromator; they originate from strong lines in the source.

to amplify scattered light, small amounts of light at visible wavelengths passing
through the 7-54 filter, and other effects, so that the signal was background-limited.
Thercfore, to extract the luminescence signal, a technique of comparing the sample
curve with that of the barium sulfate standard was used.

The barium sulfate has a reflectance of very nearly 100 per cent over the wavelength
band recorded (2000- 6000 A) and is not known to have any significant luminescence
in this band. Its curve, therefore, represents the spectrum of the light impinging on
the sample. As a first order correction, it was assumed that a sample with no lumines-
cence would yield a curve that would be in constant proportion to the barium sulfate
curve. This assumption is justificd by the almost constant ratios of sample and
standard curves (Figs. 2 and 3) and by the almost constant reflectance values of the
lunar material (Apams and Jonts, 1970; Geake ef al., 1970; Nasu et al., 1970)
and of the granite and gabbro (our unpublished data) over the wavelength band
investigated. The sample and standard ratios were calculated and the minimum
vaiues (consistent with the published reflectance valuces) were taken to reprosent zero
luminescence. The wavelengths at which the ratio exceeded the minimum were then
considered to be those at which fuminescence could have occurred; the cuirents
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Fig. 2. Spectrum of lunar sample 10044-53 compared with barium sulfate standard;
without Corning 3-74 filter to absorb wavelengths less than 4000 A. Peaks at 3000
and 6000 A are the first and sccond order, respectively, of the exciting line.

corresponding to these excess values were calculated and plotted as the corrected
curves shown in Figs. 2 and 3.

The willemite, granite, and gabbro terrestrial comparison samples and lunar
sample 10044-53 were run with and without the Corning 3-74 filter. In addition to
cutting out the wavelengths less than 4000 A, the filter had the effect of reducing the
signal in the visible wavelengths two decades (Figs. 2 and 3). Such a reduction would
not have been possible if the signal in this region arose mostly or entirely from visible
light because the filter transmission in these visible wavelengths is about 88 per cent.
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Fig. 3. Spectrum of lunar sample 10044-53 comparcd with barium sulfate standard;
with Corning 3-74 filier to absorb waveiengihs less than 4000 A.
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Therefore, the background in the curves without the filter must be almost entirely light
of wavelengths less than 4000 A scattered within the system. The maximum lumines-
cence efficiencies were, as a result, calculated from the curves taken with the filter.
In the case of the five lunar samples for which such curves were not taken, the apparent
efficiency values from the curves without filter were reduced by a factor of 20, the ratio
of without-filter and with-filter efficiencies for 10044-53 and gabbro. This seems
justified on the basis of the general similarity in both intensity and spectral character
of all the lunar samples and of the lunar samples with the gabbro. Table I shows the

Table 1. Luminescence efficicncies (4000- 6000 A band) and spectral features (3500-6000
‘A band) of lunar and terrestrial rocks and minerals with 3000 A irradiation

Peak wavelengths (A) in order of
decreasing intensity

Sample Efficiency upper limit Without 3-74 filter With 3-74 filter
Lunar: °
10044-38 10~ 5400, 3700,
4000-4200, 5000
10044-53 10-¢ 5400, 3700, 5500, 4300,
4000-4400, 5000 5000, 4800
10022-55 10-* 3600, 5300,
3800, 4200,
5000
10057-45 27 10°% 5400, 3600,
4000-4200,
5000, 4400
10048-36 5% 10°* 3600, 5400 (7).
4000, 4400,
5000 (?7)
10048-37 5107 3700, 5400,
: 4000, 4400,
5000
Terrestrial:
Granite 6x10°* 5400, 4000, 4300, 5800 -
5000, 4700, 6300°
3600
Gabbro 2 107 5400, 4000, 5600-6300*,
4800, 5000, 4200-4400
3600
Willemite 2 x 10! 5300 5300

¢ Extrapolated upper limit.

maximum efficiencics over the 4000-6000 A band of all the samples, together with the
wavelength regions of possible luminescence in both the without-filter and with-filter
curves. These arc total luminescence efficiencies; that is, the ratio of energy in
the luminescent band to encrgy in the 3000 A line about 200 A wide incident upon
the sample. As residual background effects could still be present in the data, the
tabulated luminescence cfficicncics are to be considered as upper limits for the condi-
tions of this set of measurements.

Irradiation including the far ultraviolet

Yo analyze thc data from the mcasurements with far u.v. irradiation, the sample
curves were compared with those from the barium sulfate and aluminum mirror
surfaces. The results indicate that luminescence was possibly produced in the samples
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Table 2. Wavelengths of possible emission (1050-4500 A) observed with hydrogen
glow discharge irradiation (1120 A and longer)

Sample Lines () Groups of lines (1)
Lunar:
10044-38 2840, 3260 2600-3700
10044-53 1140, 1180, 1240, 1050-1600, 1700-2600,
1440, 1800, 2120, 2700-4100

2430, 2545, 2570,
3420, 3660, 3900

10022-55 —_ 1050-1960, 2620-4170

10057-45 3720, 4140, 4290, 1050-1950, 2600-3160
4490

10048-36 2100, 2550, 2740, 10501700, 2580-4320
2760, 2845, 3280,
3840, 4040

10048-37 1500, 1745, 2625, 2655, 1220-1760
2820, 3540, 4140

Terrestriai:

Granite 1240, 1320, 1500, 2540--3060, 3420-4500
1570, 2040, 2070,
2820, 3120, 3150

Gabbro 1330, 1490, 1770, 10502080, 2720~-3140,
2020, 2100, 2320, 3300-4230
2570, 2910, 3840

Willemite 1500, 3470, 4070 2520-3160

both as isolated strong lines and as groups of lines of higher intensity than the
comparison spectrum. These data are tabulated in Table 2.

DiscussioN

The outstanding feature of the lunar sample luminescence is the low values of the
cfficiencics. These results agree with those of GEAKE ef al. (1970) and NASH et al.
(1970), who found no luminescence in the lunar rocks with middle and near ultra-
violet excitation. The efficiencics are comparabie to or less than the ones for terrestrial
rocks that we and Nash measured with protons and that we measured with electrons
and X-rays; they arc also much lower than those we cstimated for terrestrial rocks
with the 1800-2200 A cxcitation band by a less refined filter method (GREENMAN
et al., 1965; NAsH, 1966).

In our carlier study, on the assumption of a onc per cent efficiency for the 1800~
2200 A excitation band, we calculated that the level of lunar luminescence would be
five per cent of the reflected background in the 2200-2500 A band. This was the
average intensity observed around 3950 A by GRAINGER (1963), who made the most
accurate line-depth measurcments of the moon. The efficiencies we measured in this
study of the Apollo 11 lunar samples are more than two orders of magnitude lower
than that we assumed earlier; in a similar calculation they would predict a level of
luminescence that would be undetectable by the line-depth technique. If our further
studies with excitation at other ultraviolet wavelengths and with proton, electron, and
X-ray excitation show no greater efficiencies than these, the Apollo 11 landing area
can be considered to contribute nothing to the luminescence reported from the line-
depth obscrvations. GRAINGER’s observations did not include the Apollo 11 landing
area; if correct, they imply higher luminescence cfficiencies on other areas of the
moon. ‘
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Terrestrial gabbros, which are similar in composition to the Apollo 11 rocks, are
found to possess low luminescence efficiency as compared to granites; this is evident
also from the data in Table 1. Thus, other lunar areas, especially in the highlands,
could contain rocks of higher efficiency than those from Apollo 11. For example, the
Surveyor 7 alpha-scattering analysis measured less than half as much iron, a lumines-
cence-quenching element, at the Tycho site than was measured at the Surveyor 5 and 6
mare sites (TURKEVICH er al., 1969). Therefore, samples from many areas of the
moon need to be studicd in order to characterize the luminescence of the lunar rocks
and to understand its significance.
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