
the signal background limited. To ex- 
tract the luminescence signal, shown as 
the computed curve of Fig. 2, therefore, 
it was necessary to use the technique of 
comparing the sample curve with that 
of the barium sulfate reflectance stan- 
dard. 

The barium sulfate has a reflectance 
of very nearly 100 percent over the 
entire wavelength band investigated and 
is not known to have any significant 
luminescence in this band. Its curve, 
therefore, represents the spectrum of the 
light exciting the sample, and the ratio 
of the sample curve to that of barium 
sulfate is the sample reflectance. Any 
increase of apparent reflectance of the 
sample can be the result of either reflec- 
tance changes or luminescence or both. 
Comparison of such curves from all 
samples showed increases, and therefore 
possible luminescence, in the neighbor- 
hood of 5300, 5500, 3500 to 4100, 4300 
and 4970 A, in order of decreasing in- 
tensity. The 3500- to 4100-A band, 
especially, is a region in which we have 
found granite and gabbro reflectance 
values to remain constant or to decrease, 
so that in this region, at least, the case 
for luminescence is strengthened. How- 
ever, the effects are small and could 
arise from other than luminescence. In 
this event, the calculated efficiences 
represent an upper limit for the samples 
for the conditions of this particular set 
of measurements. 

The efficiencies are as follows: all 
lunar samples, < 6 X 10-5; granite, 

10-4; gabbro, < 8 X 10-5; and wil- 
lemite, ~ 2 X 10-2. The values repre- 
sent total efficiencies; that is, the ratio 
of energy in the luminescent band to 
energy in the band incident upon the 
sample. Despite the uncertainty, the 
values shown are consistent in that the 
lunar samples, which are very similar 
to gabbro in composition, are also simi- 
lar in apparent luminescence efficiency. 

The outstanding feature of these re- 
sults is the low values of the efficiencies 
for the lunar samples and the two terres- 
trial rocks. They are comparable to the 
terrestrial rock efficiencies that we and 
Nash measured with protons and that 
we measured with electrons and x-rays; 
they are also much lower than those we 
estimated for terrestrial rocks with the 
1800- to 2200-A band by a less re- 
fined filter method (6, 7). In our earlier 
study, with a 1 percent efficiency for the 
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2500 A band, that was the average ob- 
served around 3950 A by Grainger (4), 
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who made the most accurate line-depth 
measurements of the moon. The effi- 
ciencies we measured in this study of 
the Apollo 11 lunar samples are more 
than two orders of magnitude lower; 
in a similar calculation they would 
yield a level of luminescence that 
would be undetectable by the line-depth 
technique. If our further studies with 
excitation at other ultraviolet wave- 
lengths and with proton, electron, and 
x-ray excitation show no greater efficien- 
cies than these, the Apollo 11 landing 
area can be considered to contribute 
little or nothing to the luminescence 
determined by the line-depth technique. 
Grainger's observations did not include 
the Apollo 11 landing area; if correct, 
they imply higher luminescence efficien- 
cies on other areas of the moon. Terres- 
trial gabbros, which are similar in 
composition to the Apollo 11 rocks, are 
found in both this and previous studies 
to possess low luminescence efficiency as 
compared to granites. Therefore, other 
lunar areas, especially in the highlands, 
could contain rocks of higher efficiency 
than those from Apollo 11. In this 
connection, note that the Surveyor 7 
alpha-scattering analysis measured less 
than half as much iron, a luminescence- 
quenching element, at the Tycho site 
than was measured at the Surveyor 5 and 
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Experiments simulating solar wind 
proton irradiation and solar ultraviolet 
irradiation on the moon's surface were 
performed to determine the emission 
properties and energy efficiencies of 
luminescence and thermoluminescence 
as well as the effects of irradiation and 
vitrification on spectral reflectance 
(0.23 to 2.5 /xm) and albedo. Samples 
examined (1) represent each of the 
three rock types and fine soil collected 
(2). 

Samples were handled and prepared 
in dry N2. This was later omitted when 
experiments showed no detectable 
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6 mare sites (8). Finally, it is possible 
that certain excitation mechanisms that 
exist in the space environment, such as 
simultaneous irradiation with ultraviolet 
and charged particles, may result in 

higher efficiencies and await laboratory 
testing. For these reasons, samples from 
many areas of the moon need to be 
studied in order to characterize the 
luminescence of the lunar rocks and to 
understand its significance. 

NORMAN N. GREENMAN 
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effects on any of our measurements 
from exposure to air. Proton and ultra- 
violet irradiations were conducted in 
vacuum at 10-6 torr. Thermolumines- 
cence and spectral reflectance measure- 
ments were made with instruments 
flushed with dry N2. 

Irradiations were carried out with 
1-, 2-, and 4-kev protons (to simulate 
solar wind) at fluxes in the range 3 to 
10 X 1013 protons cm-2 sec-1 (- 5 to 
15 /ja cm-2) for doses of up, to 4 x 
1019 protons cm-2 (equivalent to 2 x 104 
years of solar wind) per sample, and 
simultaneously and independently with 
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Luminescence and Reflectance of Tranquillity Samples: 

Effects of Irradiation and Vitrification 

Abstract. Luminescence measurements of Tranquillity samples indicate that 
energy efficiencies for excitation by protons and ultraviolet are in the range 10-6 
or below; natural and induced thermoluminescence is even weaker. If these 
samples are typical, lunar surface luminescence cannot occur at reported levels. 
Comparison of proton luminescence spectra from the exterior and interior of rocks 
and fine fragments provides evidence of solar wind impingement on the moon's 
surface. Spectral reflectance and albedo measurements of fresh rock powders 
before and after both laboratory proton irradiation and fusion indicate that 
vitrification may be an important mechanism of lunar darkening. 
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0.25 to 0.43 jum ultraviolet at solar 
equivalent intensity (-- 105 ergs cm-2 

sec-r). Luminescence spectra and 
energy efficiency (3) in the range 0.25 
to 0.72 um were measured with a 
calibrated grating monochromator and 
a photomultiplier with S 20 response. 
Rapid spectral scanning capability al- 
lowed complete luminescence spectra 
to be recorded every 10 sec in order to 
measure the rapid changes in relative 
spectral intensity exhibited by silicate 
luminescence during initial proton ex- 
citation (4). 

Proton-excited luminescence was ob- 
served in all rock and soil samples. 
Initial spectra from both fresh crystal- 
line rock material and freshly crushed 
soil fragments show two emission bands 
of nearly equal intensity in the blue at 
0.40 jum and yellow at 0.55 /jm. With 
continued irradiation the spectra de- 
crease in intensity and change in rela- 
tive spectral distribution with disap- 
pearance of the yellow band and shift 
in the peak position of the blue band 
to 0.46 /m. This behavior is similar 
to that observed for terrestrial and 
meteoritic silicates (4) and for conven- 
ience will be referred to as luminescence 

decay. The resulting spectra will be 
referred to as decayed spectra. 

Energy efficiencies at initial labora- 

tory proton excitation are in the range 
1 to 6 x 10-6 for bulk samples and 
2.4 x 10-5 for a plagioclase mineral 

separate; these values are low in the 
range of values determined for terres- 
trial and meteoritic silicates (5). Effi- 

ciency for a given sample decreases 
with increasing proton dose, proton 
energy density, and sample tempera- 
ture. Most of the luminescence from 
lunar samples is produced by the 

plagioclase mineral component. Since 
all samples examined contain plagio- 
clase in varying amounts, all spectra 
are similar in shape. Typical spectra 
at initial excitation by 2.0-kev protons 
are shown in Fig. 1 along with cor- 

responding values of integral energy 
efficiencies. From sample to sample, 
efficiency increases with increasing 
plagioclase and decreasing Fe and glass 
concentrations. Crushed artificial glass, 
made by fusing (6) a small portion of 

sample 10020, yields no detectable pro- 
ton-excited luminescence. 

The luminescence data obtained, if 
typical for the whole moon, confirm 
that it is impossible for solar wind or 
flare proton bombardment to excite 
luminescence from rocks and soil on 
the moon's sunlit surface that would be 
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Fig. 1. Proton-excited luminescence spec- 
tra for Tranquillity samples at initial ex- 
posure to laboratory irradition. 2.0-kev 
proton excitation, 15/ua cm-2 (- 1014 pro- 
tons cm-2 sec-'). Samples powdered to 
< 50 mm. Pressure 2 X 10-" torr. Tem- 
perature 50?C. Curve a, plagioclase from 
medium-grained igneous sample 10058, in- 
tegral energy efficiency 2.4 X 10". Curve b, 
medium-grained igneous sample 10058, 
integral energy efficiency 5.6 X 10-". 
Curve c, 0.15 to 1.0-mm crushed fines, 
integral energy efficiency 2.5 X 10-6. Curve 
d, fine-grained igneous sample 10020, in- 
tegral energy efficiency 3.0 X 10-6. Curve 
e, 1.0-mm uncrushed fines, integral energy 
efficiency 0.9 X 10-6. 

detectable from the earth. Figure 2 
illustrates the energy relationship be- 
tween incident proton intensity, lumi- 
nescence intensity, and required bright- 
ness levels to account for reports of 
lunar luminescence (7) by various obser- 
vational techniques. Note that even 
at laboratory proton intensities, which 
are ~ 105 times greater than maximum 
solar intensity, the required brightness 
is too low by approximately two orders 
of magnitude. At lower proton inten- 

sity the luminescence energy efficiency 
increases (Fig. 2), but the luminescence 

brightness decreases; at equivalent solar 
wind or solar flare intensity the ex- 

trapolated luminescence efficiency of 
lunar material is in the range 0.1 to 
1.0 percent, but the luminescence 

brightness would be too low for ob- 
servation by five orders of magnitude. 
Luminescence efficiency of 100 percent 
would be insufficient to account for 

reported observations, as pointed out 
in previous studies (8). 

The exterior surfaces of lunar crys- 
talline rocks, the microbreccia, and 
the uncrushed fines tend to yield de- 

cayed luminescence spectra and low 
efficiencies at initial laboratory proton 
irradiation relative to the spectra from 
fresh interiors of crystalline rocks and 

freshly crushed fines. This is especially 
evidenced by absence or relative weak- 

ness of the yellow (0.55 /um) band in 
the initial spectra. The top exterior 
surfaces of 10058, 10020, and 10057 
and the bottom of 10058 show decayed 
spectra, while the bottom of 10020 
gives a fresh spectrum. 

The decayed proton luminescence 
spectra suggest that these particular 
crystalline rock surfaces, breccia ma- 
terials, and fines have been exposed 
to low-kev ion irradiation on the 
moon's surface, presumably from the 
solar wind. Comparison of natural and 
laboratory decayed spectra indicates that 
the incident solar wind doses required 
to produce the natural decayed spectra 
are > 1016 protons cm-2. The lumi- 
nescence spectra observed in the labo- 
ratory therefore provide direct evidence 
for impingement of solar wind ions on 
the moon's surface and may be a quali- 
tative measure of the minimum time 
of exposure of lunar material surfaces 
to the solar wind. The quantitative as- 
pects of this concept, however, require 
further study. The fact that fines uni- 

formly give decayed spectra suggests 
sufficient tilling of the lunar regolith 
at least to the depth sampled to per- 
mit solar wind exposure of all fine par- 
ticles, top and bottom, to > 1016 ions 
cm-2; but all rocks (e.g., 10020) were 
not uniformly exposed in the process. 

Ultraviolet-excited luminescence was 
undectable in all samples examined, put- 
ting an upper limit on the energy effi- 

ciency at about 10-6. Likewise, simul- 
taneous ultraviolet and proton irradia- 
tion was no more effective in exciting 
luminescence than the proton irradia- 
tion alone. If these results are typical 
for the moon, solar ultraviolet irradia- 
tion alone or together with the solar 
wind cannot yield detectable lunar 
luminescence in rocks and soil. 

Natural thermoluminescence (9) be- 
low 120?C was absent in all samples 
examined; some natural thermolumi- 
nescence above 120?C was observed in 

sample 10058. Low-level induced ther- 
moluminescence was achieved by x-ray 
exposure of crystalline material (10020 
and 10058); storage efficiencies (3) are 
in the range 10-12 to 10-11 for the 

temperature range 23? to 500?C. No 
thermoluminescence could be induced 
with x-rays in soil or breccia. Ultra- 
violet exposure equivalent to 4 days 
of solar-ultraviolet exposure induced no 
detectable thermoluminescence in sam- 

pie 10058. Proton irradiation (1 x 1018 

protons cm-2 at 2 kev and 5 x 1016 

protons cm-2 at 4 kev) yielded no in- 
duced thermoluminescence. The pos- 
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Fig. 2. Summary of the solar-proton excited lunar luminescence detecti 
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under various proton intensities (5). Intense proton flux causes roc 
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sible occurrence of detectable thermo- 
luminescence on the moon near the 
lunar dawn terminator has been sug- 
gested (10). The present data indicate 
that the storage efficiency of lunar ma- 
terial is many orders of magnitude too 
low to yield levels of emission that 
would be detectable on the lunar sur- 
face against a background of either 
direct solar illumination or earthshine. 

Spectral reflectance 
were measured to det{ 
ton irradiation experi 
reflecting properties o 
and if such irradiatior 
reflectance of fresh cr 
glass to that of ave 
Much of the soil was 
of glass, which presur 
part from crystalline 

(judging from glass-lined pits and glass 
? <? <ob spatters on crystalline rocks). To de- 

termine the effects of irradiation on 

-7_/L -7 , the reflectance and albedo of fresh 
L- glass, a representative sample of lunar 

lb/ , crystalline material (10020) was fused 
-/ , 5 (6). Glass and parent material were 

I j/ /~both ground to < 50 /m and subjected 

,/ / * to a 2-kev proton irradiation of 4 x 
1019 protons cm-2 for crystalline ma- 

r 
,/ o, terial and 2 X 1019 protons cm-2 for 

/ the glass. Reflectance spectra before 

/ / A and after irradiation are shown in 
/ / Figs. 3 and 4. The reflectance of crys- 

,x / talline material has a prominent mini- 

/1\ / mum near 1.0 pjm, other subtle struc- 
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-50---I I fine soil material shows subtle struc- 
ROCK POWDER, ?C ture near 0.95 /um. In the visible, glass 

shows a pronounced enhancement in 
ion problem. Light the red compared with unfused ma- 
s show upper and terial. Elsewhere the spectra are rela- 
orite silicate rocks 
k mate rial to inrc tively featureless. In all spectral regions ;k material to in- 
moon from earth the reflectance of glass is less than that 

mt to lower total of the original crystalline sample. 
The experimental proton irradiations 

have reduced the spectral reflectance of 
both crystalline and artificial glass 

and albedo (11) materials in the infrared below about 
ermine how pro- 1.5 Am and uniformly in the visible; 
ments affect the indicated changes in the ultraviolet re- 
)f lunar material flectance of glass are within experi- 
I could alter the mental uncertainty. The irradiation re- 

:ushed rocks and duced the albedo of the crystalline 
,rage lunar soil. material from 20 to 17 percent, and that 
found to consist of the glass from 8 to 5 percent; vitrifi- 

nably formed in cation alone changes the albedo from 
parent material 20 to 8 percent for the sample studied. 
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Fig. 3 (left). Reflectance spectra of crushed fine-grained crystalline material (10020), powdered to < 50 /m, before and after bombard- 
ment simulating about 2 x 104 years of solar wind. Irradiation 2-kev protons, 4 x 1019 cm-2. Spectra of natural lunar soil are shown 
for comparison. Fig. 4 (right). Reflectance spectra of fine-grained crystalline material (10020) powdered to < 50 ,m, its glass 
equivalent, and glass after proton irradiation simulating about 1 X 104 years of solar wind exposure. Glass irradiation 2-kev protons, 
2 x 101 cm-2. 
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The cause of experimental proton 
irradiation darkening is not understood, 
but contamination is suspected to play 
a role (12). We are thus cautious in 
asserting that proton irradiation pro- 
duces significant lunar darkening. Al- 
ternatively, vitrification may be an 
important darkening process. Except 
in the ultraviolet, neither the experi- 
mental irradiation dose nor the arti- 
ficial vitrification alone produces ma- 
terial with the reflectance properties of 
lunar soil. 
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Thermal Radiation Properties and Thermal 

Conductivity of Lunar Material 

Abstract. The thermal radiation properties were measured for lunar fines and 
chips from three different lunar rocks. Measurements for the fines were made 
at atmospheric pressure and at a pressure of 10-5 torr or lower. The directional 
reflectance was obtained over a wavelength range of 0.5 to 2.0 microns for angles 
of incidence up to 60 degrees. The bidirectional reflectance-the distribution of 
reflected light-was measured for white light angles of illumination up to 60 
degrees. The thermal conductivity was measured over a temperature range 200 
to 400?K under vacuum conditions. 
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for white light and for wavelengths 
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Table 1. Total directional reflectance of Apollo 11 material. The source was a 1000 watt DXW 
tungsten-iodine lamp. 

Sample 
Angle 

of No. 10084,68,1 
view- -- 
ing 1 Vacuum Atmospheric 10057,29,1 10047,68,2 10048,21,1 

run run 

10? 0.102 0.098 0.137 0.118 0.162 
200 0.101 0.096 0.163 0.126 0.166 
300 0.117 0.103 0.145 0.124 0.168 
450 0.115 0.113 0.135 0.128 0.175 
60? 0.148 0.135 0.129 0.129 0.183 
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17 unity gives the absorptance as a func- 
tion of angle of illumination; the bi- 
directional reflectance indicates the dis- 
tribution of reflected light as a function 
of angles of illumination and viewing. 
Both quantities are needed for calcula- 
tions of thermal energy balance. 

A second thermophysical property, 
the thermal conductivity of the fines, 
k, was measured under vacuum condi- 
tions for temperatures from 205? to 
404?K. This property, like the reflec- 
tance, is needed for thermal energy 
balance calculations. 

The directional reflectance was ob- 
tained with a sample center-mounted in 
an 8-inch diameter integrating sphere 
reflectometer. The sphere coating was 
magnesium oxide. The sphere system 
is constructed so that the sample can 
be held in a horizontal position-a 
necessity for powders-while the sphere 
and external optics can be rotated so 
that angles of illumination or viewing 
up to approximately 750 can be ob- 
tained. The system can be evacuated to 
pressures in the 10-7 torr range. 

The integrating sphere was operated 
in the reciprocal mode, that is, the sam- 
ple was illuminated by diffuse light from 
the sphere walls. The directional re- 
flectance p(0) was obtained as the ratio 
of intensity when the sample was 
viewed to intensity when the wall was 
viewed (1). This measurement is 
equivalent (1) to illuminating the sam- 
ple at an angle of incidence 0 equal 
to the angle of viewing 0. For the total 
or white light measurements a 1000 
watt tungsten-iodine lamp (DXW) with 
a reflector was used. The detector was 
a Kipp-Zonen CA-1 thermopile. The 
spectral results were obtained with a 
Perkin-Elmer 112U spectrometer and a 
lead-sulfide cell detector. 

Measurements were made on samples 
10084,68 (powder), 10047,23 (basalt) 
(3), 10048,21 (breccia), and 10057,29 
(crystalline). The spectral results are 
shown in Fig. 1 only for angles of 10? 
and 60?, but measurements for angles 
of viewing of 10?, 20?, 30?, 45?, and 
60? were also obtained. All samples re- 
ceived were packaged in dry nitrogen. 

The directional reflectance of the 
lunar powder shows no absorption 
bands over the spectral range studied. 
Sample 10084,68,1 was mounted in the 
integrating sphere and the system evac- 
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The directional reflectance of the 
lunar powder shows no absorption 
bands over the spectral range studied. 
Sample 10084,68,1 was mounted in the 
integrating sphere and the system evac- 
uated to pressures below 10-5 torr. 
Sample 10084,68,2 was run at atmos- 
pheric pressure 2 months after No. 1 
sample and No. 2 had been resealed 
and stored in the original shipping con- 
tainer for these 2 months. The mea- 
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