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(3). This is especially true when one 
considers the effects of aerosols on visi- 

bility and the resulting hazards to both 
air and ground traffic. 
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Huang and Walker (1) have reported 
that heavy nuclei recoiling during emis- 
sion of alpha particles can produce 
etchable tracks in mica. Samples etched 
in 48 percent hydrofluoric acid showed 

many shallow etch pits which were 
made visible with phase-contrast mi- 

croscopy. These tracks were attributed 
to a decay of uranium and thorium 
series impurities. This phenomenon was 

suggested as the basis of a method of 

age determination several thousand 
times more sensitive than fission track 

dating. 
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In identifying the source of these 
tracks Huang and Walker first annealed 

samples of mica at 600?C for 21 hours 
to remove latent fossil tracks. Then 

they evaporated solutions of Th"'2, and 

Th228 1 Ra224 Rn 220 3 po216 4 Pb 212 

10,6 h Pb212 2 
, 61 m Bi 212 - 03 212 

66% 

a ca 
34% 6.1 Mev 8.8 Mev 

3.1 mn T 208 _ stable Pb208 

Fig. 1. The Th228 (1.9 y) decay chain. 
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its decay products, on these samples. 
After a 20-hour irradiation and etching 
with 48 percent HF for 2 hours, they 
produced shallow pits identical in ap- 
pearance with fossil pits. However, 
contact of annealed mica with uranium 
foils for up to 12 days did not yield 
appreciable densities of tracks. As a 

possible explanation of this apparent 
contradiction the authors suggested that 
radiation damage from several succes- 
sive a recoils may be necessary to in- 
itiate growth of an etch pit. From a 
uranium source only a single a recoil 
is produced during the time of the 
experiment because the daughter prod- 
ucts are long-lived. On the other hand, 
Th228 has a series of short-lived daugh- 
ter products so that about five succes- 
sive a recoils are produced in a 20- 
hour exposure. 

This study was initiated to test this 

interpretation and to seek answers to 
the following questions. How many a 
recoils are required to initiate growth 
of an observable etch pit at a given 
site? What is the ratio of pits to inci- 
dent recoil particles? What is the mini- 
mum a-recoil energy required to pro- 
duce an etch pit? 

The experiments were started with 
members of the Th228 (1.9 y) decay 
chain (Fig. 1). Sources of Pb212 (10.6 
h) were collected on aluminum foils, 
as very thin active deposits, from decay 
of gaseous Rn220 (54 s) emanated by 2 
mc of Th228 (2). Only one a particle 
is emitted per Pb212 decay: either 6.1 
Mev or 8.8 Mev. In the first case the 
recoil energy is 117 kev and in the 
latter it is 169 kev. By counting the 

activity of T1208 (3.1 m) it is possible 
to determine the number of recoils 
emitted by a source. Recoils from P~- 
emission have energies < 10-4 that of 
a recoils, and, therefore, they do not 
leave the foil in significant amount. 

The a recoils were collected on 1.5 
cm2 pieces of annealed mica placed 
12 mm from the source inside a vacu- 
um system. The mica rested on a thin 
brass frame such that only the central 
area (8 X 8 mm) was exposed to the 
source. A potential of +500 volts was 

applied to the frame to repel ions near 
thermal energy. Recoils were collected 
for 10-minute intervals on a series of 
mica squares. The air pressure in the 

system was varied between 0 and 10 
torr so as to vary the energy of the 
recoils. After e-ach 10-minute collec- 
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tion period the activity of T1208 (3.1 
m) on each piece of mica was mea- 
sured with a calibrated end-window 

proportional counter. Thus the number 
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Alpha-Recoil Tracks in Mica: Registration Efficiency 

Abstract. Recoils from alpha-particle decay of naturally occurring radioactive 
nuclides have energies between 70 and 169 kiloelectron volts. It is shown that 

these alpha recoils register tracks in mica, observable as etch pits, with an effi- 

ciency of about 80 percent. When the recoil energy is degraded to 40 kiloelectron 

volts the efficiency drops to 50 percent. But, since the decay of each thorium or 

uraniumn impurity atom in natural mica is followed by a cascade of six or eight 

alpha particles, the overall registration efficiency must be very nearly 100 percent. 
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Fig. 2. Upper curve, integral range distri- 
bution in air of 117-kev Tl2'" recoils as 
measured by their radioactivity. Lower 
curves, density of etch pits in annealed mica 
exposed to recoils degraded in energy by 
various thicknesses of air absorber; circles, 
169-kev Pb2 + -117-kev T1T08; triangles, 
103-kev Pb200 from Po210 source. The ordi- 
nates are in arbitrary units. 

of Tl208 recoils reaching the mica was 
determined in each case. For zero air 
absorber the number of Pb208 recoils 
collected could also be calculated since 
the branching ratio is known. These 
numbers were compared with the den- 
sity of etch pits measured with a Wild 
phase-contrast microscope after the 
mica was etched for 3 hours in 40 
percent HF. 

The activity and etch pit densities 
were plotted as a function of air ab- 
sorber (Fig. 2). The mean range of 
T1208 activity is in agreement with Lind- 
hard's calculation (3). At zero air 
absorber the radioactivity measure- 
ments indicated that the following num- 
bers of recoils per square centimeter 
reached the mica: 0.9 X 105 T1208 - 
1.7 X 105 Pb208 = 2.6 X 105 total. The 
measured density of the etch pits 
was 2.1 X 105 per square centimeter. 
A second duplicate experiment gave 
almost identical results. Since the ex- 
perimental uncertainty was 10 to 15 
percent in each measurement, it is not 
clear from these data alone whether 
both species registered pits with high 
efficiency or whether most of the tracks 
resulted only from 169 kev Pb208. 
However, consideration of the absorp- 
tion curve in Fig. 2 (lower) shows that 
the 117-kev TI208 must also register 
with a high probability. The etch pit 
density decreases only modestly up to 

10 [/g/cm2 air absorber, a thickness 
which degrades 169-kev recoils to 
- 40 kev (3). The apparent double 

plateau in the absorption curve may 
be indicative of the two groups of re- 
coils, 117 kev and 169 kev; however, 
a duplicate run did not exhibit this 
effect. The etch pits on the mica sur- 
face become less distinct as the energy 
of the recoils is decreased. Therefore, 
the shape of the absorption curves de- 
pends somewhat on the ability of the 
observer to see pits of very low con- 
trast. Undegraded recoils give pits of 
adequate contrast (Fig. 3). Thus it is 
established that in the Pb212 series 
single recoils from a decay register 
with high efficiency. 

Similar results were obtained from 
experiments with thin sources of Po210 
(2) which emit 103-kev recoils of Pb206 
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(Fig. 2; Fig. 3, C and D). From the 
measured a activity of the sources 
and from the density of etch pits ob- 
served in the mica at zero absorber, 
it was calculated that these recoils 
record with an efficiency of - 80 per- 
cent. As recoil energy is reduced, reg- 
istration efficiency decreases, as does 

ir (jg/cm2 ) 

contrast of the etch pits. Efficiency 
drops to - 50 percent at 40 kev, in 
agreement with the results from the 
Pb212 sources. 

An attempt to produce tracks in 
mica with 80-kev a recoils from a 
mixed U234,5 source (2) yielded nega- 
tive results. Various small amounts of 

Fig. 3. Alpha-recoil tracks taken with a Wild phase-contrast microscope. (A) 117-kev 
TI 2S and 169-kev Pb"20 recoils, undegraded. (B) T108 and Pb20? degraded by 5.5 /ug/cm2 air. (C) 103-kev Pb20' recoils from Po"20 source. (D) Pb200 recoils degraded by 2.0 utg/ 
cm" air. Density in (A) and (B) is 2 X 10? per square centimeter; in (C) and (D), -4 X 105. The diamond-shaped etch pits are the a-recoil tracks; the indistinct dots are 
from background defects in the mica. 
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enriched uranium, 5 to 50 /ug/cm2, 
were evaporated onto annealed pieces 
of mica. Each was then covered with 
a second piece, and these samples were 
placed in vacuum for periods varying 
from 16 hours to 6 days. The uranium 
deposits were dissolved off with nitric 
acid, and both pieces of mica from each 
sandwich were etched with 40 percent 
HF for 3 hours. No appreciable in- 
crease in etch pit density was seen 
above background. Based on a count- 
ing of the samples, the limit was < 1 
percent of the density expected for 
an infinitely thin source. Presumably 
the evaporated deposits were thicker 
than indicated, and there may have 
been surface films which prevented the 
recoils from reaching the mica with 
sufficient energy to give observable 
tracks. 

In natural samples of mica with dis- 
solved U and Th impurities, there is 
no problem with surface deposits. In 
each decay chain a series of six or 
eight a particles is emitted, and the 
recoils vary in energy between 70 and 
169 kev. The probability is about 80 
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A gravity measurement at one point 
on the surface of the moon can be used 
for the following purposes. (i) If the 
lunar gravity measured is very different 
from normal (theoretical) gravity, it 
would suggest the order of magnitude 
of other anomalies to be expected and, 

perhaps, would provide a guide for fu- 
ture surveys; (ii) the difference between 
the observed gravity and the gravity 
for a homogeneous moon indicates the 

degree of homogeneity of the moon; and 
(iii) the radius of the moon at an ob- 
servation point can be determined in- 

dependently of other methods of mea- 
surement. 

To obtain the gravity anomaly, the 
radius at the observation point must be 
assumed. In the determination of the 
radius, it is assumed that the measured 
value of gravity is a representative 
value, unaffected by anomalies; the 
radius is treated as an unknown. In 
the determination of the gravity anom- 
aly, the radius is treated as a known 
quantity and is used to compute nor- 
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percent that each recoil will register 
a track. If there is no appreciable dif- 
fusion of daughter products in the mica, 
each cascade of a recoils will register 
as a single fossil track with virtually 
100 percent efficiency. Thus, the a-re- 
coil method of dating mica should be 
as reliable as fission track dating but 
three orders of magnitude more sensi- 
tive. 
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mal gravity. The normal gravity may 
then be compared with the observed 

gravity. 
Because of the limitations imposed 

on scientific experiments by constraints 
on the mass load and on 'the time avail- 
able to the crew for scientific experi- 
ments during the first lunar-landing 
mission, it is very important to deduce 
as much information of scientific value 
as possible from tasks performed for 
operational reasons. The data used to 
determine gravity were collected pri- 
marily for operational reasons and 
were telemetered to earth from the 
lunar module on the lunar surface. 

The format of the telemetered data 
is controlled iby the lunar module 

guidance computer. The coast-and- 
align format contains the actual read- 
ings from the pulsed integrating pendu- 
lous accelerometer (PIPA). The PIPA 
is a system for the measurement of 
acceleration and velocity which can be 
synchronized with a digital computer. 
The PIPA readings are velocity incre- 
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ments along the inertial measurement 
unit (IMU) (stable member) X-, Y-, 
and Z-axes. The IMU is the main unit 
of the Apollo inertial guidance system, 
consisting of a stabilized platform (in- 
ertial platform) which contains (i) 
three inertial reference-integrating gyro- 
scopes and (ii) three PIPA's. The IMU 
can determine any attitude changes or 
accelerations of the spacecraft. An in- 
ertial reference-integrating gyroscope 
is one with a single degree of freedom 
which senses displacement of the stable 
platform on which it is mounted and 
generates signals accordingly. Measure- 
ments of gravity on the earth with ac- 
celerometers have been described by 
Bock and Wing (1), Bowin et al. (2), 
and Wing (3). 

The PIPA readings along the X-, 
Y-, and Z-axes are designated by 
PIPAX, PIPAY, and PIPAZ, respec- 
tively. The PIPA's were zeroed every 
81.93 seconds while the lunar module 
was on the lunar surface. The PIPA 
readings are given in stable-member 
coordinates. The nominal value of one 
PIPA is 1 cm/sec. 

On the basis of this nominal value, 
the magnitude of the gravity vector g 
(to a first approximation) can be com- 
puted as follows: 

(XI \2 Y/m2 /ZI/vT 2 , 
AlT)9 + ) AT + AT )](1) 

where 
XI - X - X1 
YI Yo - Ys 
ZI - Z - Z 

AT = T2- T 

Accelerometer readings from two 
discrete times are used. The PIPA's 
were read every 2 seconds; however, 
it is better that there be as much time 
difference as possible between readings 
for the computation of gravity. For 
example, while the lunar module was 
on the lunar surface, the PIPA's were 
read at 123 hours 26 minutes 52 sec- 
onds (time T1). Thus X1 equals the 
PIPAX reading at T1, Y1 equals the 
PIPAY reading at T1, and Z1 equals 
the PIPAZ reading at T1. The PIPA's 
were read at 123 hours 28 minutes 12 
seconds (time T.). Thus X2 equals the 
PIPAX reading at T2, Y, equals the 
PIPAY reading at T,, and Z2 equals 
the PIPAZ reading at T2. The quan- 
tities XI, YI, and ZI represent the 

ments along the inertial measurement 
unit (IMU) (stable member) X-, Y-, 
and Z-axes. The IMU is the main unit 
of the Apollo inertial guidance system, 
consisting of a stabilized platform (in- 
ertial platform) which contains (i) 
three inertial reference-integrating gyro- 
scopes and (ii) three PIPA's. The IMU 
can determine any attitude changes or 
accelerations of the spacecraft. An in- 
ertial reference-integrating gyroscope 
is one with a single degree of freedom 
which senses displacement of the stable 
platform on which it is mounted and 
generates signals accordingly. Measure- 
ments of gravity on the earth with ac- 
celerometers have been described by 
Bock and Wing (1), Bowin et al. (2), 
and Wing (3). 

The PIPA readings along the X-, 
Y-, and Z-axes are designated by 
PIPAX, PIPAY, and PIPAZ, respec- 
tively. The PIPA's were zeroed every 
81.93 seconds while the lunar module 
was on the lunar surface. The PIPA 
readings are given in stable-member 
coordinates. The nominal value of one 
PIPA is 1 cm/sec. 

On the basis of this nominal value, 
the magnitude of the gravity vector g 
(to a first approximation) can be com- 
puted as follows: 

(XI \2 Y/m2 /ZI/vT 2 , 
AlT)9 + ) AT + AT )](1) 

where 
XI - X - X1 
YI Yo - Ys 
ZI - Z - Z 

AT = T2- T 

Accelerometer readings from two 
discrete times are used. The PIPA's 
were read every 2 seconds; however, 
it is better that there be as much time 
difference as possible between readings 
for the computation of gravity. For 
example, while the lunar module was 
on the lunar surface, the PIPA's were 
read at 123 hours 26 minutes 52 sec- 
onds (time T1). Thus X1 equals the 
PIPAX reading at T1, Y1 equals the 
PIPAY reading at T1, and Z1 equals 
the PIPAZ reading at T1. The PIPA's 
were read at 123 hours 28 minutes 12 
seconds (time T.). Thus X2 equals the 
PIPAX reading at T2, Y, equals the 
PIPAY reading at T,, and Z2 equals 
the PIPAZ reading at T2. The quan- 
tities XI, YI, and ZI represent the 
changes in the PIPA's during the 80 
seconds. To determine the PIPA read- 
ings for 1 second, the PIPA reading 
for the entire time interval is divided 
by AT in seconds. 
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Gravity: First Measurement on the Lunar Surface 

Abstract. The gravity at the landing site of the first lunar-landing mission has 
been determined to be 162,821.680 milligals from data telemetered to earth by 
the llnar module on the lunar surface. The gravity was measured with a pulsed 
integrating pendulous accelerometer. These measurements were used to computte 
the gravity anomaly and radius ait the landing site. 
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