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ABSTRACT

The resonant nuclear reaction 19F(p,ay)l60 has been
used to perform depth-sensitive analyses for both fluorine and
hvdrogen in solid samples, The resonance at 0,83 MeV (center-of-mass)
in this reaction has been applied to the measurement of the distri-
bution of trapped solar protons in lunar samples to depths of M% pim,
These results are interpreted in terms of a redistribution of the
implanted H which has been influenced by heavy radiation damage in
the surface region. Fluorine determinations have been performed in
a l-um surface layer on lunar and meteoritic samples using the same
lg?(p,ay)l6o resonance, The measurement of H depth distributions
has also been used to study the hydration of terrestrial obsidian,
a phenomenon of considerable archaeological interest as a means of

dating obsidian artifacts. Additional applications of this type of

technique are also discussed,
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I. INTRODUCLION

The use of resonant nuclear reactions to determine the
concentration of certain light elements as a function of depth in
solid samples has developed over the last decade as a result of
increasing interest in properties of surfaces and in surface-
related phenomena, Work begun by Amsel and Samuel (1962) using
resonances in the 18O(p,a)lSN and 27A£(p,y)2881 reactions to study
anodic oxidation has led to a continuing program of investigation
of the processes of oxygen diffusion in solids using the lao(p,a)lSN
reaction (Choudhury et al., 1965; Palmer, 1965) and the l60(d,p)170
reaction (Amsel et al., 1968). Another group (Ollerhead et al.,
1966) has used the lTO(BHe,a)léo reaction in a study of bxygen
diffusion and oxidation. The idea of using resonant nuclear
reactions to study the depth distributions of implanted ions in
solids (Porat and Ramavataram, 1960) has been applied to the
measurement of lSN range distributions (Phillips and Read, 1963)
and, more recently, 18O range distributions (Whitton et al., 1971)
at various implantation energies, using the reactions lsﬂ(p,uy)lgc
and lao(p,a) 15N, respectively. Resonances in the lgF(p,aY)160
reaction have also been used (Mdller and Starfelt; 196T7; Padawer,
1970) to measure the concentration profiles of fluorine contam-
ination in metals. The purpose of the present experimental study
is to apnly a new variation of this type of technique to the

measurement of hydrogen depth distributions in solids by reversing



-2

the roles of projectile and target in the 19

F + p systemn,

The motivation for this study has mainly been supplied by
the lunar science program. Large noble gas concentrations were
observed in the preliminary examination of the fine lunar soil
material (LSPET, 1969). In order to prove that this large
rare gas component was the result of solar wind ion implantation,
several groups performed experiments to show that the rare gases
were located near the surfaces rather than uniformly distributed
throughout the volume of the grains, Measurement of the rare gas
content of soil samples after removal of a surface layer by chemical
etching showed that the rare gases were indeed located near the
surfaces of the grains, confirming evidence supplied by the obser-
vation of a distinct anti-correlation between grain size and rare
gas content per gram in the Apollo 11 soils (Eberhardt et al.,
1970; Hintenberger et al., 1970; Kirsten et al., 1970). However,
the implied thicknesses (ranging from 0.2 - 8 um) of the gas~-rich
surface layers were significantly larger than typical solar wind
ion ranges of 0.0l - 0.05 um, suggesting extensive modification of
the distribution of the implanted ions. The resonant nuclear
reaction depth analysis technique, using the reaction 1H(19F,ay)160.
made possible a direct measurement of the depth dis*ribution of
imrloented hydrogen in lurar samples, providing an important check
on the somewhat surprisine results of the chemical etching experi-

ments. Due to its excellent depth resolution (“0.02 ym). this



technique is particularly well suited to the investigation of the
historical record of solar wind and other particle radiations
conﬁained in extraterrestrial materials and of the processes which
modify the distribution of the implanted ions.

A second problem to which this technique has been success-
fully applied is the study of obsidian hydration. An archaeological
technique developed for dating of obsidian artifacts depends on the
correlation of the thickness of a hydration "rind" on the surface
of a given obsidian artifact, which can be observed in
thin-section, with the age of the obsidian surface (Friedman and
Smith, 1960). High resolution hydrogen depth profile measurements
on hydrated obsidian samples, made possible by the lH(lgF,uy)160
resonant nuclear reaction technique, represent a valuable aid toward
understanding the hydration process. Such an understanding is
essential to the establishment of the obsidian hydration dating
technique as a reliable chronometer.

In Section II of this thesis I shall discuss the experi-
mental methods and apparatus along with the results of implantation
experiments performed as a test of the analytical technique. Results
of measurements on lunar samples, including measurements of fluorine

lgF(p,ay)IGO reaction, are presented

depth distributions using the
in Section III, ©Section IV is concerned with measurements of
obsidian hydration profiles. In conclusion, Section V includes an

evaluation of the technique and its applications, and a discussion



wlie

of further promising applications of nuclear reactions as depth-
sensitive analvsis probes. The development of the 1H(19F,uy)l60
technique discussed in Section II has been previously described by
Leich and Tombrello (1973). Manv of the lunar sample results and
ideas presented in Section III have also been published (Leich,
Tombrello and Burnett, 1973a) or are in press (Leich, Tombrello and
Burnett, 1973b). A manuscript dealing with the obsidian hydration
measurements discussed in Section IV is being prepared fof publication

(Lee et al., 1973).



II. EXPERIMENTAL METHODS

In this section the experimental methods, techniques, and

apparatus are treated in detail.

1
A. Depth Analysis for Hydrogen Using H(19F.ay)160

The applicability of the resonant nuclear reaction depth
analysis technique depends on the existence of an isolated resonance
in a nuclear reaction involving an isotope of the element to be
analyzed. In Appendix A the general case of a nuclear reaction
A(a,b)B is considered in some detail, with regard to its use as a
depth analysis probe for nuclei A, when such a resonance exists.

The existence of a strong, narrow, isolated resonance in the reaction
lH(lgF,uy)l6O has been exploited in this study to determine hydrogen
depth profiles in solid samples. The resonance employed occurs at

an 19F energy Eg = 16.45 MeV with a total width I (FWHM) of ~89 keV,
corresponding to a proton energy of 0.872 MeV and width of 4.7 keV
for the same resonance in 19F(p,ay)160 (A) zenberg-Selove, 1972).

The peak cross section OR is ~0,6 barn for emission of an @
particle leading to one of three excited states of the residual

160 nucleus at excitation energies of 6.1, 6.9. and T.1 MeV
(Ajzenberg~-Selove and Lauritsen, 1959). All three states de-excite

t 19

by emission of a prompt vy ray directly to the ground state., A
energies different from the resonance energy by more than a few T

the cross section for the production of the high energy y rays is
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neglipgible. Thus, if the surface of a material containing hydrogen
19

is irradiated with F ions at energies sufficiently greater than

19

the resonance energy ER’ the "°F ions will gradually slow down, due
to electronic collisions, until at a depth Xg the resonance energy
is reached and the reaction will occur at a rate proportional to

the hydrogen concentration in a thin layer at Kpe At greater depths

the 17

F energy will fall below the resonance energy where the cross
section is again negligible compared to Og* Hence hydrogen located

outside the layer at X_ t I'/[-dE/dx] contributes only a negligible

R
amount to the total reaction yield. Since the stopping power,
dE/dx (a negative quantity), is nearly independent of energy

(within %) (Northcliffe, 1963) in the relevant range of 19

energies, the depth x can be related to the 19F beam energy E%

R

by the linear relation
- [) R . (1)

Selection of the 19

F beam energy Eo is equivalent to specifying the
depth Xp at which the hydrogen concentration is to be determined,
and measuring the y-ray production rate as E; is varied gives a
direct indication of hydrogen concentration as a function of depth
in the target. The relation between H(xR). the hydrogen concen-

tration at devoth xg, and Y(Eo), the reaction yield per incident

l9F ion of energy E,+ is shown in Appendix A (eaquation A.T) to be



given by

URF

o
¥(E ) = PT-aE/ax], H(xg), (2)

using the Breit-Wigner dispersion equation,

. r</4
R (E-B,)2 + 2y

o(E) = (3)

. 5 19 ’
to describe the dependence of the cross section o on F energy E
in the vicinity of the resonance at Eg.

19F energy of 17.6L4 MeV

A second strong resonance at an
producing the same characteristic y rays as the first resonance
(although in slightly different proportions) limits the depth range
over which the first resonance can be used in the straightforward
manner outlined above to about 0.4 um, For H distributions extend-
ing to greater depths, information can still be extracted from the
excitation function Y(EO) for Eg > Epp = 17.6L4 MeV, (Since we must
now deal with two resonances simultaneously, the subscripts 1 and 2
are used in the following to indicate the resonances at 16,45 MeV

18

and 17.64 MeV respectively.) The yield per incident ~“F ion is now

the sum of the yield from the first resonance due to hydrogen at

depth x = bel =

R1 " ‘d]_:?dxl

° re _ az ;
resonance due to hydrogen at depth Xp, = [ L s 1e€.5 for

Eq [dE; dxl

and a contribution from the second

(EO - ER2) >> F2(= l5l+ keV)’

Y(EG) = Yy (Ey) + Yo(Ey) (4)



where

i

|

¥, (H

and

-8~

r
°R1 1

1 o) = ET:EE7E;T§1 H(le)

¥ 9o To

Yg(Eo) = ET:EE7E;T;;- H(xgp) .

But since xp, = xg; - 8x, where Ax = fERl dB , we have

B, [9E/dx]

m or2 I

Y2(EO) = m]; H(le - AX),

and hence,

rp [aB/dx]ry

_ 9R2
YE(EO) - ch
AX
with AR =/ [-dE/dx]dx.

o
over the extended range

imated quite accurately

approxination, we obtain AE

T TaE/ax ], Yl(Eo - AE),

The 5% variation of the stopping
of useful 197 beanm energies may be

by a linear decrease with energy.
[aE/dx],

R (@ T

n

the value of the stopping power at E, and Egp = ER1. Subs

equation 8 into equation L leads to the expression

(5)

(6)

(7)

(8)

power
approx-—

With this

where [dE/dx]o is

tituting



opp Ip [dE/dx]pq

Yl(EO) = Y(Eo) - fl [dE/dx]Rz

Rl

- Hence, Yl(EO) can be determined for Ej > ER2 by calculating YE(EO)
from a similar determination of Y; at a lower beam energy, E, - AL.
(Ir (8, - 8E) < (Egy - Tp), ¥1(E; - AE) is measured directly.) The
hydrogen concentration H(le) is then inferred from the determination
of Yl(EO) in the usual way, using equation 5.

Hydrogen depth profiles can be determined, using the
procedures outlined above, with a depth resolution éx depending on
the width Ty and on the spread in energy of the 19 ions as they

penetrate the sample. Using equation A.9 of Appendix A, we can

estimate the resolution by

ol

2 2 P
- \[rl + (AEo) + Q (le)

ox 2l —an/ax]

(10)

where AEO is the FWHM spread in beam energy (a few keV) and Q(le)
is the FWHM energy straggling at a depth xRy Figure 1 shows the
calculated resolution 6x as a function of depth in a quartz sample
using an estimate of the energy straggling based on theoretical
treatments of atomic collision processes (Maccabee et al., 1968),
The 0.02-um resolution available near the surface is gradually
degraded by the energy straggling to 0.03 um at a depth of nearly

2 um. This represents an order of magnitude improvement in reso-
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lution compared to chemical etching and other destructive section-
ing techniques.

’ The sensitivity of nuclear reaction analysis techniques de-
pends to a large extent on the importance of competing reactions;
i.e., reactions produced by the ion beam on other constituents of
the sample. ©Some of these reactions may result in reaction products
which are difficult to distinguish from the products of the reaction
of interest. For lH(lQF,ay)l60 there is very little interference of
this sort (until the 19F energy is raised above 20 MeV) since the
production of the 6-T MeV y rays is quite copious. Above 20 MeV,
the sensitivity falls rapidly to zero because of the rapid increase
in background due to what appears to be neutron production by
(19F,n) and/or (19F,2n) reactions on oxygen as the Coulomb barrier

height is approached. This interference has been the determining

factor in the “2-um depth limit of the present measurements,

B, Experimental Apparatus

The extreme sensitivity of measurements of this kind to
surface contamination necessitated the design and construction of
a special ultrahigh vacuum (UHV) scattering chamber. The primary
concerns as sources of hydrogen contamination were diffusion pump
0il vapors (since accelerator beam tubes are normally pumped by
0il diffusion pumps) and water vapor. The solution of this problem
has been to equip the scattering chamber with a clean, self-contained
getter-ion pumping system, and to baffle the accelerator-scattering

chamber interface allowing passage of the ion beam with a minimal
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flow of contaminant vapors from the accelerator beam tube, A
schematic drawing of the scattering chamber vacuum system is shown
in Figure 2,

The scattering chamber itself consists of two stainless
steel UHV flanges bolted together with a copper gasket metal-to-
metal seal to form a cylindrical exterior 20 cm in diameter and
L.5 cm deep. The interior faces of the flanges were machined to
form a cavity 15 cm in diameter and 3 cm deep. A direct drive
rotary feedthrough was mounted on a port at the rear of the
scattering chamber so that its shaft extended into the cavity along
the chamber axis. A 10-cm diameter aluminum target wheel was mounted
on this shaft using glass spacers to electrically insulate the wheel
from the rotary drive shaft. Twelve 16,5-mm diameter by 6-mm deep
holes equally spaced along a T-cm diameter circle on the target
wheel provide mounts for samples to be analyzed. One of two ports
on the front face of the chamber serves as the connection to the
accelerator beam tube and is placed 3.5 cm off-axis to line up with
the centers of the target mounts, The second port is fitted with
a window and allows precise positioning of the target wheel using
degree markings on the edge of the wheel and a vernier mounted on
the chamber wall, and also allows the targets to be viewed while in
their mounts in the sealed scattering chamber, A sliding electrical
contact fabricated from beryllium-copper alloy makes contact with
the aluminum target wheel and connects with one lead of a ceramic-

sealed electrical feedthrough, thus allowing the beam current to be
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collected from the target wheel with negligible leakage to ground,

The scattering chamber vacuum is maintained by a getter-
ion pumping system with a pumping speed of 50 liters per second
for air. A Varian sublimation pump provides most of the pumping
speed by means of the gettering action for chemically reactive
gases of a thin layer of titanium coating the interior walls of the
water-cooled stainless steel pump chamber, The titanium layer is
pericdically renewed by sublimation from one of three titanium
alloy filaments in the center of the pump chamber. A small pumping
speed for inert gasés is maintained by a standard 15%/s Varian
Vac-Ioh pump. All vacuum connections in the scattering chamber and
vacuum system are made using copper-gasket metal-to-metal seals,
allowing the entire system to be baked at temperatures up to 300°C
to drive trapped gases from the interior surfaces. A straight-
through l-cm bore gold seal valve is used as a beam-line isolation
valve, while a second gold seal valve is used on the roughing line.
A molecular sieve sorption pump is used to obtain the necessary
10~? Torr vacuum to start the ion pump .

The getter-ion pumping system, together with the use of
low vapor pressure bakeable materials in the construction of the
scattering chamber, enables a vacuum of <10™9% Torr to be routinely
naintained, and eliminates internal sources of hydrocarbon contam-
ination. To minimize contamination from pump ¢il and other wvapors
in the accelerator beam tubes, the connection of the scattering

charmber to the beam line is interfaced with a L4LO-cm long, l-cm bore
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liquid nitrogen cooled baffle. The trapping of condensable vapors
on the refrigerated walls of this low=-conductance tube enables the
getter-ion pumping system to maintain a vacuum of ~l10~9 Torr in
the scattering chamber with beam on the target. Thus, sources of
hydrogen contamination are minimized while another potential pro-
blem, the build-up of carbon deposits on the targets from the
cracking of hydrocarbon vapors during irradiation with an ion beam,
is virtually eliminated,

The 19F veam necessary for hydrogen depth analysis is
provided by the Caltech tandem accelerator., Fluorine ions are
extracted from a duoplasmatron ion source using freon-1lh (CFh)’
19p=

diluted with helium, as the source gas, ions are accelerated

to the terminal where they are stripped to a variety of positive
charge states. Tollowing the second stage of acceleration, the lth+
charre state is selected by a 90° magnetic analyzer, The resulting
19Fh+ beam is monoenergetic to within a few parts in 1oh. The beam
energy can be determined precisely using a digital nuclear magnetic
resonance gaussmeter (Alpha Scientific, Inc. Model 3193) to measure
the field between the two poles of the analyzing magnet, and a
calibration performed by Mann, et al. (1973). The beam is then
steered into the target room beam tube (S 10° leg) and focused
through two sets of collimating slits located 50 cm apart at the

end of the flight tube as indicated in Figure 2, With the beam-~line
gate valve and the scattering chamber isolation valve open, the

19Fh+ beam passes through the l-cm diameter tube of the liquid
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nitrogen cooled baffle and into the scattering chamber where the l9F
ions are stopped in the target, The target wheel is held at a
potential of +300 V to retain secondary electrons, so each ion
deposits a net charge q of +4e. This charge is continuously collected
by the sliding electrical contact on the target wheel and the result-
ing current is fed out the electrical feedthrough, through the 300 V
bias battery and a 1 MQ 1limiting resistor, and delivered to the input
of a Brookhaven Nuclear Instruments Model 1000 current intégrator.
This instrument amplifies the input current and puts out a digital
pulse each time the integrated current reaches a preset charge,
typically 6.0 x 1019 coulomb.

A T.6-cm x T.6-cm lead shielded NaI(T#) scintillation detector
placed outside the scattering chamber at about 30° scattering angle
and about T cm from the target is used to detect y radiation from the
excited 160 nuclei., A photomultiplier converts the scintillations
into voltage pulses which are then amplified and analyzed using a
40O-channel pulse-height analyzer (RIDL 34-27 series). The pulse-
height spectrum shown in Figure 3 is the result of a 10-uC irradiation
of an analyzed sample of Belvidere Mountain chlorite (1.6L4% H by
weight) with s 30-nA beam of 17.2 MeV 19F* ions. A 3.7-to T.h-MeV
counting window includes the full-energy peaks and single and douﬁle
escape peaks, but excludes the tail of the Compton distribution in
the response of the NaI(Tf) crystal to the three y rays. With this
energy window, the counted fraction n of all y rays emitted is
estimated, using the chlorite standard, to be about 0,022 (see

Appendix C).
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C. Data Collection and Reduction

The procedure for measurement of the excitation function
Yl(EO) involves counting the number of y-rays emitted for a given

L+

number of incident l9F ions at a series of beam energies Ej.
First the beam energy E, must be selected and the beam steered and
focused onto the target wheel., Then a beam-chopping magnet is
turned on, steering the beam out of the beam tube, and the sample
to be analyzed is set in position by manipulating the rotary feed-
through and lining up the correct degree mark on the target wheel
with the vernier, The total amount of beam charge Q to be collected
per data point is preset on a mechanical register, and the run is
started by activating a gate contrcl which simultaneously starts
the counting electronics and switches off the beam-chopping magnet,
allowing the beam to irradiate the target. Counts are stored in
the pulse-height analyzer during the entire "beam on" period, while
a digital register tracks the integrated beam charge by tallying
the pulses from the current integrator., When this register reaches
the value preset on the accompanying mechanical register, a gate is
automaticallv activated which turns on the beam-chopping magnet,
thereby stopping the beam, and also blocks further input into the
pulse-height analyzer, The count totals in the channels correspond-
ing to the selected 4~T MeV energy window are then summed and read
out, This number, N(EO), is recorded along with the energy E_, the
total charge @, and the total "beam on" time t, normally 3 - 10
minutes for beam currents in the 10 - 30 nA range with Q = B 1l

The analyzer memory and current integration register are then cleared,



-] G

a new beam energy is selected, and the sequence is repeated for the
next datum. The optimum beam energy sequence spaces data points by
an amount consistent with the spatial resolution of the measurements,
or about 50 keV, The range of energies used begins slightly below
the resonance energy ERl and continues up to a maximum energy deter-
mined by the depth of the distribution being measured,

Once data have been collected in this manner, they can be
transformed to a depth profile by plotting the number of counts
N(EO) for a given total beam charge Q vs. the beam energy &, , and
performing simple linear scale transformations. The energy scale
becomes a depth scale using the conversion x = Eo - TRl « The

Rl [-dE/dx ]

data W(E,) include a background contribution consisting of a beam
independent portion (room background) primarily due to cosmic rays,
and a beam dependent background due partially to competing reactions

: ; S s o) 16
and partially to weaker resonances in the reaction ~H( “F,ay) 0

at lower energies. The background can be taken into account by

writing
e =t | = Q' =1
() E[mr(h,o) + Al+ Bt (11)

where n 1s the detection efficiency, q is the charge per incident
ion (= be), A represents the beam-dependent background (counts per
incident ion) and B the beam-independent background (counts per
second). OJince B is independent of Q and EO, the contribution Bt
can be held constant by holding the time t constant, or eguivalently

holding the beam current constant, for each data point. The beam
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dependent background AQ/q will also be constant if A is independent
of L, over the energy range used. This assumption has been verified
(to within * 10%), by measurement of hydrogen-free samples, and
samples with constant wvolume concentrations of H such as the chlorite
standard, up to an energy of ~20 MeV, Thus, if the beam current is

held constant, equation 11 becomes
N(E,) = %nY(EO) + K (12)

where the constant « (equal to (AQ/q)+ Bt) is evaluated from data
taken at beam energies below ERl where Y(Eo) goes to zero, For
Eo < ¥po, the scale transformation used to give H(le) is obtained

by substituting equation 5 into equation 12:

H(xpy) = [8(E.) - ] . (13)

For k_ > lip,, the contribution NQ(EO) = %‘“Y2(Eo) must be calculated

and subtracted from the data to give

2[-dE/dX]qu

}
RL mTnog I @

H(x [N(Eo) - No(Ey) - k], (1k4)
following the procedures outlined in Part A of this section. Hence,
for ERl £ By 2 ERos the N(Eo) data scale is converted to a hydrogen
concentration scale with the zero point determined by the constant

background contribution x, and the scaling factor given as in
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equation 13 above. TFor Ej > Ep,, NZ(EO) must be subtracted from
the data as in equation 14 in order to extract the hydrogen con-
centration for the depth Xpye More sophisticated numerical
deconvolutions of the resonance shape from the excitation funetion
to yield a more accurate depth profile are possible, in principle,
but have not proved necessary in practice,

Rather than rely on uncertain values for OR1 and Fl and
an estimate of n based on these same values, a more direct approach

is used in which the weight fraction of hydrogen W. is obtained by

H

direct comparison with counting rates obtained from irradiation of

the chlorite standard:

[aE/d(px) Iy ‘ N(E ) = «
WH(XRJ.) = WI'I ([dE/d(px)]él) (%) (N! S Kt ) (15)
where
[aB/a(px)]p; = = [aB/ax],,,

lar/a(px) 1y, = glau/ax]', ,

p and p' are the densities of the target medium and the chlorite
standard respectively, [dE/dx]ﬁl is the stopping power of the
chlorite for 19F ions of energy ERl’ and ' and k' are the total
counts and background counts, respectively, for data taken for a
total beam charge Q' per data point at energies between ERl and
ER2' The densities p and p' need not be known to use equation 15

since the quantities [dE/d(px)]Rl and [dE/d(px)]ﬂl can be calculated
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directly from tabulated stopping powers (Northcliffe, 1963;
llorthcliffe and Schilling, 1970) and chemical analyses of the samples

as described in Appendix D.

D. Implantation Tests

In order to establish the sensitivity and reliability of
this technique, implantation experiments have been carried out on
fused silica, crystalline quartz, and Ca-rich feldspar samples using
12-keV protons with doses of about lO16 cm'z. The target materials
were chosen for their chemical and physical similarity to the
returned lunar samples (silicate glasses and rocks), Targets were
chemically cleaned and then baked in the scattering chamber to remove
surface contamination prior to implantation. A magnetically

-1

analyzed proton beam with a flux of about 10%2 s™l-cu™2 (n0.1 pA

1 om? area) was obtained for implantation from a duoplasmatron

into a
ion source. Following implantation of a set of targets the scattering
chamber was transferred to the tandem accelerator beam line where a

0,1~pA beam of 19p*

ions was directed into a Y-mm spot for the H
analysis. TFigure 4 shows data for a typical implanted target and a
target which was not implanted but was otherwise identical. Figure 5
shows the implantation profile obtained by subtracting the data for
the blank from the data for the implanted sample. The depth and H
concentration scales are calculated using the stopping power of 5i0,

for 19F ions calculated from data in Northcliffe (1963) and Horthcliffe

and Schilling (1970). The experimentally determined distributions show



=20

some deviation from the theoretical range distribution (Lindhard et al.,
1963). A comparison between the measured and theoretical mean range
and full-width at half-maximum (FWHM) is shown in Table 1. The
differences may, in part, represent the effects of diffusion; accel=-
erated, perhaps, by localized heating from the implantation beam,
Repeated analyses of a single implanted sample show gradual but
consistent inward shifting and broadening of the distribution,
suggesting a continuation of the same process by which the range
distribution is distorted during the implantation, although at a
slower rate, With the exception of this effect, the profiles are
reproducible; thus, there is no reason to doubt that the actual
proton distribution is being measured. These results also establish
the quantitative retention, within a factor of two, of amorphous

and crystalline materials for implanted protons. Similar experiments
with aluminum targets gave negative results in this regard, with less

than 5% retention under similar experimental conditions.

E. Depth Anaylsis for F, Na, and AL with Proton-Induced Huclear
Reactions

Depth distributions of fluorine in solid samples can be
measured using a proton beam to produce y radiation from the
19F(p,ay)160 reaction in a manner entirely analogous to the measure-
ment of hydrogen distributions with a 19F beam, The same resonance
is used in both analyses, occurring at a proton energy ERl = 0,872 MeV
with FUHII T = 4,7 keV in the frame of reference in which the 19F

target is initially at rest. The proton beam energy Eo is varied to
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measure the excitation function Yl(EO), and the fluorine concen-

ERr1 dE
tration F(xg,) at depth x,, = [ is found from
R1 R1 B 1dE7dx|

‘m o
Y (B,) = sroaray— PR (16)

in analogy with equation 5. Here [dE/dx]Rl is the stopping power
of the medium for protons of energy ERl = 0,872 MeV. The y-ray
yield due to the resonance at ER2 = 0,935 MeV (p2 = 8.1 keV) can
be unfolded in the same manner, and in this way the depth distri-
butions can be measured beyond the 1l-dm depth corresponding to an
energy loss of AER = ERE - ERl = 63 keV, The proton beam energies
necessary for this analysis can also be obtained from the Caltech
tandem accelerator, and the measurements can be performed with the
same apparatus and electronic set-up as is used for the hydrogen
analysis. Since the same characteristic y rays are detected with
the same efficiency n in each case, even the discriminator levels
remain the same, All that need be done is to switch from a
16.45 + MeV 19% peam to a 0.872 + MeV proton beam, and the distri-
bution being measured becomes that of fluorine rather than hydrogen.
Aluminum and sodium distributions can also be measured by
detecting high energy y rays from (p,y) reactions. For aluminum,
the 27AQ(p,y)EBSi resonance used occurs at a proton energy of
0.992 MeV with a width of 0,1 keV resulting in a maximum energv

v ray of 10.8 MeV with a branching ratio of 0.76. Sodium measure-
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)2hMg resonance at 1,318 MeV

ments can be performed using a 23Na(p,y
proton energy and a width of 1.4 keV resulting in 11,6 and 13.0 MeV
y rays (Endt and Van der Leun, 1967). Counting windows must be
adjusted for the particular y rays to be detected for AL and Na
analyses, thereby altering the detection efficiency n, but otherwise
the procedure for obtaining depth distributions follows the same
procedures described for hydrogen and fluorine measurements using a
single resonance,

Table 2 lists the reactions used in this study to analyze
for H, F, Ha, and A%, along with the ion energy at resonance, the
energy of the principal y rays, and the reaction sensitivity for
each resonance. The latter quantity is defined as the thick target
vield per incident ion for a quartz sample containing one ppm by
weight of the particular target atoms, The resolution éx for
measurement of depth profiles in quartz is shown in Figure 6 for
each reaction, The rapid degradation of the resolution with depth
for F, Na, and A% is a result of the relatively large energy straggling
for protons as compared to heavier ions of comparable velocity. The
~resolution for H depth profiles suffers little from energy straggling

of the 19F ions and remains excellent to a depth of 2 um,
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III. LUNAR SAMPLE ANALYSIS

Results of hydrogen and fluorine depth distribution
measurements on lunar samples are presented and discussed in this
section, as well as a simulation experiment performed to determine
the possible extent of penetration of terrestrial contaminants into
the radiation damaged surface layers of lunar samples. The results
of a search for II implanted into a platinum foil exposed to a solar
flare during the Apollo 16 mission are also presented.

Knowledge of the depth distribution of hydrogen in lunar
samples is important for understanding the origin of the observed H.
Implantation of solar wind protons should lead to large surface
(within a few hundred angstroms) concentrations of H, The more
energetic solar flare protons would result in a distribution extend-
ing over a much greater depth range (up to a few millimeters).
Indigenous lunar H, incorporated into rocks at the time of their
formation, would be distributed throughout the volume of the lunar
samples; however, solar wind H inherited from a pre-irradiated
parent material could result in a similar volume distribution.
Terrestrial contamination, particularly surface absorption of Ho0,
is a likely source for observable amounts of H. Consequently, the
basic problem in identifying the origin of the lunar H lies in

distinguishing the lunar component from terrestrial contamination.



=2l

A, Experimental Results

Samples with relatively large (™~ 2 mu x 2 mm) smooth
surfaces of uniform composition are desirable for analysis by the
resonant nuclear reaction techniques employed in this study in
order to simplify interpretation of the measurements. Large samples

also allow low beam~current densities (typically 10nA of 19Fh+ into

2 area) to be used, thereby minimizing the effects of beam

a 0,l-cn
heating. These considerations are best satisfied by the lunar
glasses, which are a major constituent of the lunar regolith, The
samples selected for this study, therefore, are predominantly lunar
glass fragments and glass coated rocks.

Samples were obtained in a series of separate allocations.,
For convenience, however, the samples can be collected into four
groups determined by similarities in the particular sample handling
and analysis procedures used and by similarities in the samples
themselves, These groups are: (1) Apollo 11 and Apollo 15 coarse
fines, (2) Apollo 15 glass-coated rocks, (3) Apollo 16 glass-coated
rocks, and (4) Apollo 16 samples returned in a vacuum-sealed sample
container,

l. Apollo 11 and Apollo 15 coarse fines

The first set of samples obtained for this study consisted
of three 2-3 mm sized lunar glass fragments selected on the basis
of their size and smoothness from two separate aliquots of Apollo 11
"coursé fines" (1-4 mm fragments) numbered 10085,1 and 10085,31. The

parent sample 10085 consists of the 1-10 mm fragments separated from
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the Apollo 11 bulk sample 10002 at the Lunar Receiving Laboratory (LRL).
GCeparate allocations (or other subdivisions) of material from a partic-
ular parent sample are indicated by the number following the parent
sample number and separated from it by a comma, e.g. 10085,1 and
10085,31. Where such a sample has been further subdivided in our
laboratory, an additional identifying number or letter is assigned to
each fragment and is preceded by a hyphen, e.g. 10085,31-9.

The 10085 brown glass samples are typical Apollo 11 brown
glass as described by many authors (see, for example, Keil et al.,
1970). Samples were subjected to a microscope examination in a clean
laboratory atmosphere prior to analysis. Two of the samples,
10085,31-9 and 10085,31-12, had been given an ultrasonic rinse in
high-purity acetone -- a treatment which is essential in many cases to
remove layers of lunar dust from the samples, In order to determine
the extent of surface H contamination associated with this procedure,
several fused silica discs were given an acetone rinse using exactly
the same procedure as was used with the lunar samples., These discs
had previously been chemically cleaned and vacuum baked at 300°C and
showed no detectable (<101u atoms/cmz) surface concentration of H.
Following the acetone rinse, the silica discs were remounted in the
scattering chamber and remeasured with the l9F beam, BSurface
contamination ranging from only '\:lOlh to 10lS H atoms/cm2 were
observed, and even these small surface concentrations disappeared
almost entirely after a few times 101h ions/cm2 of illumination with

the l9F beam. Although these results show that acetone contamination
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is not a problem for normal glass surfaces, the exotic surfaces of
lunar samples could conceivably react quite differently to the acetone,
However, measurement of the hydrogen distribution on the 10085,1

flass fragment and on a sample from a subsequent allocation
(15533,4-1), both before and after exposure to an acetone rinse,
resulted in no observable increase in the I content of the sample,

We conclude, therefore, that the acetone rinse is not likely to be

an important source of H contamination of the lunar samples,

The three 10085 brown glass fragments were mounted in the
scattering chamber using aluminum foll to support the sample in the
desired position, chosen to expose a smooth, dust-free face to the
19p beam, and then placing a clean, H-free fused silica collimator
with a 2=3 mm circular aperture directly over the sample. The
resulting target assembly is kept in place in the target wheel with
a copper alloy retaining ring. Hydrogen distribution measurements
were performed according to the procedures outlined in the preceding
section using a 10-15 nA beam of l9Fu+. The beam was collimeted to
about the same size as the smallest sample (v2 mm) so that most of
the 19F ions would strike the lunar samples, while the fused silica
collimators prevent the halo of the 197 beam from illuminating the
target holder. Tests have shown that this fused silica material
retains very little H after baking under vacuum at 300°C, so l9F ions
striking the fused silica instead of the lunar sample contribute a
negligible amount to the y-ray yield. However, since these colli-
rnators are fastened to the target wheel the integrated beam current

includes a contribution from the ions incident on the collimator as
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well as those hitting the lunar sample. Using a sample of the
chlorite standard (1.6L4 percent H) mounted behind one of these
collimators, we have determined the fraction of the l9F beam
illuminating the collimator to be normally about 0.2 for a colli-
mator with a 2.4 mm aperture. The uncertainty associated with
estimating this fraction for a particular distribution measurement
does not affect the measured shape of the distribution (provided
the fraction remains constant for each data point), but only the
estimate of the absolute H content.

Although the density of the target medium need not be
known in order to obtain a depth scale for the measured H profile in

units of ug/cm2

, it is generally more convenient to deal with depths
measured in the usual distance units. Calculation of the stopping

power dE/d(px) proceeds as in Appendix D resulting in a value of

2 i

-9.0 keV-cm“=ug~~ for an "average" lunar composition (463 510,,

Lj Ti0,, 15% A2,03, 1k% FeO, 11% Ca0, 9% Mg0, 0.6k Na,0, and

0.3% K,0). The density of a glass of such a composition is estimated
to be %2.6g/cm3 by extrapolating data on commerical glasses and using
empirical rules for calculating the density of a glass from its
chemical composition (Morey, 195L4; Stevels, 1948; Huggins and Sun,
1943). Although the density p increases as the FeQ and TiO2 contents
increase at the expense of SiO2 and A2203, the higher stopping cross
sections of the heavier atoms tend to counterbalance the increasing

densityv so that neither dE/d(px) nor df/dx are as sensitive to the

composition as p. Hence by assuming a nominal density of 2.6g/cm3
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and using the value 9.0 keV-cm®-pg=l for -dE/d(px) for all lunar
glasses, without considering the specific composition of a particular
sample, the uncertainty of ~10% in the calculation of the depth scale
is dominated by the uncertainties in the estimates of p and dE/d(px)
for the "average" lunar glass and not by the unknown composition.
Tor simplicity, we nave used the same scale conversion for crystalline
samples also., The heavy radiation damage associated with long-term
solar wind bombardment should transform any exposed crystalline
surfaces to a quasi~-amorphous state (metamictized) to depths of at
least 500-1000 & as observed by Bibring, et al. (1972) for lunar
dust grains. Conseauently, the density of the surface layver (to
depths‘of at least 0,1 uym, and possibly somewhat deeper if radiation
damage is still quite heavy below this layer) might be better
approximated by the density of a glass rather than that of the
relatively undamaged crystalline material somewhat deeper within the
lunar rocks.

One of the brown glass fragments, 10085,31-12, revealed a
large surface~correlated H content, with a peak density in excess
of 2 x 102l I atoms per cn3 (more than 1500 ppm H by weight) at a
depth of 0,11 um (Fig. 7). The H concentration profile drops sharply
near a depth of 0,20 ym followed by a more gradual decrease with
increasing depth to the limit of the measurement at ~0,45 um, The
residual H concentration of more than 200 ppm at this depth is well
in excess of bulk hydrogen analyses of Apollo 11 lunar materials,

typically 50-100 ppm H (D'Amico et al., 1970; Lpstein and Taylor,
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1970; Friedman et al., 1970); however, the distribution has not yet
begun to level off at this depth.

The measurement of the distribution was repeated twice on
this sample. Each repetition showed a reduction in the H content of
roughly twenty percent in the outer 0.2 pm and five percent between
0.2 ym and 0.4 um deep as compared to the previous measurement of
the distribution. Data from a remeasurement of the profile (third
run) are plotted in Figure 7 to illustrate this gradual reduction
in hydrogen content observed during the measurement of this sample
as well as subsequent samples. This means, of course, that the
measured profile is a slightly distorted representation of the
initial distribution because the mobilization of the H due to the
irradiation by the 19F beam is continuously causing a slight
modification of the distribution. However, similar profiles were
obtained from several other lunar samples even though the sequence
of beam energies chosen for the analysis was different for each
sample. This indicates that the distortion is not great enough to
change any of the essential features of the distribution, with the
exception of the first few hundred angstroms. An increase in the H
content within a few hundred angstroms of the surface has been
observed on most samples following a few days of atmospheric exposure,
but usually this surface H concentration is rapidly depleted during
the first few minutes (’\:lOlh ions/cmz) of remeasurement with the 19F
beam. It is likely that this extremely mobile surface layer is

primarily a very superficial H,0 contamination.
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Sample 10085,31-12 was large enough to peruit a relatively
large (3.2-mm aperture) collimator to be used, allowing essentially
all of the 19F beam to illuminate the sample, The smaller size of
the 10085,31-9 and 10085,1 fragments necessitated the use of smaller
collimators with apertures of 2.4 mm and 2.0 mm respectively. A
beam alignment problem encountered during the analysis of 10085,31-9
limits the usefulness of the data from this sample, but a definite
enrichment in the H content of a layer roughly 0.2-0,3 um deep was
observed suggesting a profile with approximately the same shape,
although with a much lower absolute H content, as the distribution
measured on 10085,31-12. The H distribution obtained from the
10085,1 glass fragment (Fig. 8) also exhibits a similar depth
dependence, with a total H content (in the 0.4 vm deep measured
region) Vv1/3 as great as the value for 10085,31-12. The most
obvious difference in the shapes of the distributions in Figures T
and 8 (aside from the difference in absolute H content) is the much
greater clarity with which the 10085,31-12 distribution shows a two-
component shape due to the relative enhancement of the shallower,
0.02-um deep component in the 10085,31=12 sample as compared to the
somewhat flatter distribution in the 10085,1 sample.

Ultimately, it is the continuous mobilization of the H
distribution which prevents the extension of these profile measurements
to depths greater than 0,45 um., Beyond this depth, the contribution
of the 17.6L4 MeV (19F energy) resonance in the 1H(lgF,uy)l6O reaction

becomes significant, and the relatively simple unfolding procedure
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described in Section II of this thesis can only be used in cases
where the profile is reasonably stable and reproducible. However,
since the most interesting portion of the H distribution appears to
consistently lie within the 0.45-um range of the present measure~
ments, it has not seemed necessary or fruitful to attempt to extend
the measurements to greater depths,

A second sample allocation consisted of three Apollo 15
coarse fines. Handling and analysis procedures were the same as
for the 10085 samples as described above. Sample 15413,5-2 is a
2 x b-mm partially glazed pyroxene-rich crystalline rock fragment
with a 1 x 3-nm area rich in pyroxene on one face., The sample was
mounted, using a 2.4-mm aperture fused silica collimator, to expose
this pyroxene-rich area to the 19 beam. The H distribution measure-
ment resulted in the profile shown in Figure 9. Once again there is
a significant enhancement of H within about 0.2 um of the surface.
The shape of the profile is quite similar to the 10085 distributions,
with an absolute H content comparable to that of the 10085,1 glass
fragment.

Sample 15413,5-5 is a highly fractured fragment which
appeared to be essentially all plagioclase., Due to its relatively
small size, it was mounted using a 2.0-mm collimator. The usual
analysis procedure resulted in a distribtuion which showed only a
small enhancement of H, Just barely above statistical uncertainties,
in a layer again about 0.2 uym deep. In order to determine whether

this apparent enhancement was due to a real, although small, H content
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qualitatively similar to the distributions measured on the previous
samples or merely the effect of statistical fluctuations, the
counting statistics were improved by increasing the beam current to
50 nA and collecting 20 uC of beam charge per data point., The higher
beam current is expected to cause a more rapid dissipation of the H
content; nevertheless, the measurement resulted in a reproducible
profile quite similar in shape to the distributions observed in
15413,5=2 and the 10085 samples, but at a concentration smaller by
more than an order of magnitude than the H concentration over the
same depth region in 10085,31-12.

| Sample 15533,4-1 is a glass coated breccia fragment., The
glass is probably a glaze rather than a splash glass, It is light
but non-uniform in color and transparent in spots. The measured H
distribution was quite flat with only a slight suggestion of an
enhanced H content at ~0.1 um deep and a peak at zero depth corre-
sponding to a small (5 x lOlh cmfz) surface H concentration,

The profile obtained from these samples shows a wide
variation in absolgte hydrogen concentration, although the profile
shapes are quite similar, The distribution measurements are
summarized in the first part of Table 3. The limits shown on surface
(zero-depth) concentrations pertain to the measured distributions.
It is probable that somewhat larger surface concentrations may have
existed prior to illumination with the 19p beam, The total hydrogen
content of a 0-0.,4 yym deep region (excluding this surface concen-

tration) is also given in units of 102 H atoms/cm©. The H contents
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at depths of 0.1 um and O.4 um are given in ppm H by weight. The
measured profiles are also characterized by the depth Xp at which
the peak H content is observed, and the full-width at half-maximum
of the H distribution obtained by subtracting (in quadrature) the
width of the resonance from the width of the peak in the measured
excitation function, Since the uncertainties in the values given
for the H content at various depths in a particular sample are
affected by the aperture size of the fused silica collimator used
with that sample, the aperture size is also indicated in Table 3,
The mobility of the H distributions observed in these
lunar samples, especially in the outer 0.2 um, is much greater than
had been observed for the proton implantation profiles in feldspar,
gquartz, and fused silica test samples., One possible interpretation
of this behavior is that we may be observing a distribution of
terrestrial H,0 contamination absorbed into a porous surface region.
dpstein and Taylor (1970) have shown that terrestrial H,0 exists in
returned lunar soil samples in amounts comparable to their solar
wind hydrogen content. Unless carefully cleaned, laboratory glass
and other test samples exhibit a contamination hydrogen peak at
zero depth but show no penetration of the surface, within the
resolution of the measurement. However, this may not be true for
the much more shocked and highly radiation-damaged lunar sample
surfaces. A number of tests have been carried out to investigate
this possibility. Samples 10085,31-12 and 15413,5-2 were subjected

to a series of heating experiments with the idea that baking the
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samples in a vacuum under certain conditions might drive off any
superficial H,0 contamination without disturbing the implanted
hrdrogen. Loth samples were baked for 100 hours at 150°C (simulating
the conditions of lunar noon) at a vacuum of ~10~Y Torr. Sample
10085,31-12 was subsequently baked for 24 hours at 290°C, Neither
sample exhibited any significant change in the I distribution after
baking. However, H,0, apparently of terrestrial origin, is still
retained in bulk lunar soil samples even at temperatures of hOO—SOOOC
(Epstein and Taylor, 1970).

The H distributions in three of the above samples (the
10085,1 fragment and samples 15413,5-5 and 15533,4-1) were remeasured
after a prolonged storage period (n6 months) in a vacuum desiccator.
All three sanples had developed a relatively large ('\alOl6 H atoms/cmg)
surface contamination, but this contamination appeared to be confined
to the surface with little, if any, penetration beyond depths of a
few hundred angstroms. Two of these samples (10085,1 and 15533,4-1)
were also given an ultrasonic rinse in high-purity acetone with no

observable change in the H distributions as a result of this treatment,

2. Apollo 15 glass—coated rocks 15015 and 15059

Samples were obtained from two Apollo 15 glass-coated
brececias (rocks 15015 and 15059) sampled near the Lunar Module (LM)
landing site. ©Sample handling procedures were modified to minimize
contamination, especially from atmospheric H20. These rocks had been

wrapped only in unsealed teflon bags before being placed in one of
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the cloth sample collection bags for the return trip from the lunar
surface, Hence they were exposed to atmospheric humidity in both
the LM and Command Module (CSM) cabins and on earth prior to arrival
at the LRL. LRL processing, however, is performed in a dry nitrogen
atmosphere, The sealed sample containers received from the LRL were
opened in our laboratory in a P205-dried, nitrogen-filled dry box
and mounted in aluminum sample holders., These sample holders were
then sealed in a clean vial and the vial was triply sealed ﬁsing
polyethylene bags and a second larger snap-cap vial. This package
was then removed from the dry box and transferred tc a polyethylene
glove bag. The scattering chamber was then backfilled with dry
nitrogen, the viewing window removed from the access port, and the
-mouth of the glove bag was clamped to the access port allowing the
glove bag to inflate with dry nitrogen. After flushing the glove
bag with dry N2 gas for several minutes, the sample package was
opened inside the nitrogen-filled glove bag and the sample holders
installed in their mounts on the target wheel. The glove bag was
then removed, the window immediately replaced and sealed, and the
scattering chamber evacuated., This procedure eliminates any contact
with water vapor, other than small residual amounts in the "dry"
nitrogen gas, from the time the rocks were introduced into the LRL
processing line.

The orientations of both rocks are well documented in lunar
surface photographvy (Sutton et al., 1972). The 15015 samples

(15015,39-1 and 15015,39-2) are adjacent surface chips from the lunar
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bottom side of the rock. Samples 15059,32 and 15059,28 are surface
glass chips from the top and bottom, respectively, of rock 15059. The
lunar top surface of 15015 is heavily pitted, while there are no
detectable microimpact pits on the bottom surface, suggesting that
surface exposure has been primarily, possibly entirely, in one
orientation (LRL, 1971). The microimpact pit density on the top
surface of 15059 is very low indicating a short surface residence
time. There are no detectable microimpact pits on the lunar bottom
of 15059 (Hdrz, 1971). Our own examination of samples 15015,39-2 and
15059,28 under a high power binocular microscope revealed no impact
pits. DBoth samples are bubbly glass with some dust in cavities
separated by smooth areas of a few millimeters square. Impact pits
as small as V50 uym would have been easily observed on these smooth
glass surfaces.,

These samples were analyzed in the same manner as the
Apollo 11 and 15 coarse fines; however, a glass collimator (3.2-mm
averture) was needed only for 15059,32 since the area of surface
glass was large enough (0.2-0.5 cm2) on the other samples to insure
that only a negligible portion of the 19F beam would be "spilled" on
the aluminum holders.

The distributions obtained from the two 15015 chips are
qualitatively similar (Figs. 10 and 11), but are not at all like
those obtained from the coarse fine fragments discussed above, While
the latter samples showed evidence of a surface H concentration which

disappeared rapidly with illumination by the flourine beam, these
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two rock chips displayed a larger and more persistent surface
concentration (within about 200 K below the surface) decreasing
rapidly with depth to a flat distribution within 1500 R of the surface
for 15095,39-1 and 800 K for 15015,39-2. It should be noted that for
15015,39-2 the dimensions of the beam spot were increased to more

than double the usual size (2-3 mm). Consequently, the beam current
density was decreased to less than half the normal value. (Beam
current was not changed.) The accompanying reduction in local heating
of the target by the beam may partially account for the relative
stability of the H distribution on this sample.

The two chips from rock 15059 exhibited the same type of H
distribution as was observed on the 15015 samples, concentrated mainly
within a few hundred angstroms of the surface (Fig. 12). The chip
from the top of the rock (15059,32) appeared to show somewhat greater
penetration of the H distribution than the sample from the bottom
surface (15059,28) reaching as far as 0.25-0.30 pm before decreasing
to the same level as the flatter 15059,286 distribution. However, the
amount of excess hydrogen in the region 0.05-0.30 um of 15059,32 when
compared to 15059,28 is only mlOls atoms per cme, indicating no strong
solar wind excess in the top sample.

The 15015 samples were turned over (under dry nitrogen) to
measure the H distribution on the interior rock surfaces. These
surfaces were created in the process of breaking the samples from the
parent rock and thus have never been exposed on the lunar surface.

Since the chipping procedure was performed after introduction into
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the LRL processing line, these surfaces have received no exposure to
atmospheric humidity, but only to dry (20-50 ppm HEO) nitrogen. The
slightly smaller (v2x101° atoms/cm®), more superficial surface H
concentrations detected on each of these samples must be interpreted
as contamination, probably Hp0, even though these surfaces were
exposed only to a dry nitrogen atmosphere, While the measured distri-
butions for the lunar exterior surface glass coatings are not
inconsistent with a relatively unmodified solar wind proton implan-
tation profile (with a mean penetration depth of 200 K), it must be
concluded that at least a significant portion (if not all) of the H
concentrations observed on these surfaces (within the resoclution of
~200 A) is due to Hy0 contamination.

Data from these samples are also summarized in Table 3, The
small (40 ppm) H contents observed in the interior rock faces can be
taken to represent the volume H content of the rock, since the flux of
solar flare protons with sufficient energy to penetrate to these
depths (several millimeters below the surface) is a negligible effect
and since we have no evidence that H20 contamination can penetrate a
fresh, undamaged silicate surface to depths greater than a few hundred
angstroms,

Hach of the 15015 samples was removed from the scattering
chamber and exposed to the laboratory atmosphere for at least 2L
hours. Remeasurement showed no significant change in the H
distributions in the lunar exterior surfaces. However, the initial

exposure of these rocks to the LM cabin atmosphere may have saturated
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an active surface layer so that subsequent exposure would produce no
additional contamination.

With a solar wind proton flux of 6x101° per cm®

per year, the
time necessary to accumulate the total H contents observed in the
outer 0.4 um of these glass-coated samples is on the order of only
one year, implying that either these samples have all had extremely
short exposure times or the implanted H has been essentially totally
lost. In order to determine whether keV protons implanted in the
lunar glass should be expected to be retained, the glass coating of

2 at an

15015,39-2 was implanted with a dose of QX1016 protons per cm
energy of ~12 keV., The resulting H distribution was quite similar to
the distributions obtained by implanting fused silica and crystalline
silicate targets under similar conditions (see Section II, Part D),
with quantitative retention verified within the uncertainties of the
measurement. The artificially implanted distribution did not exhibit
the high mobility under irradiation with the 12F beam characteristic
of the Il distributions at similar depths in the 10085 and 15413
samples, but behaved in a similar manner to the distributions
implanted into terrestrial silicate samples, This implies that the
differences in the mobility of the H distributions in the 10085 and
15413 samples as compared with the artificially implanted distri-
butions are probably not the result of bulk physical or chemical

differences between the materials in question.
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3. Apollo 16 glass-coated rocks 64455 and 65315

Rock 64455 is a heavily pitted ellipsoidal glass-coated
feldspar-rich crystalline rock (Grieve and Plant, 1973). Sample
6L455,24 is a l-cm chip of the glass coating from the rock's western
edge adjacent to an exposed patch of light-colored rock, Sample

64455,33 consists of two similar %.cm surface chips taken from this
light-colored area.

Rock 65315 is described as friable white anorthosite with
patches of relatively thick black glass coatings (LRL, 1973). These
patches appear to be remnants of a more extensive glass coating which
has been chipped away by repeated impacts to expose the underlying
rock. The lunar top and northern faces are the most obviously pitted,
but pits may also be present on the bottom face near the northern edge
and on the southern face (LRL, 1973). The 65315,6 and 65315,20 chips
are 1 cm and %cm samples of the patches of black glass coating from
the southern and top faces of the rock, respectively. 65315,8 is a
J“%cnlchip of the white anorthosite sampled adjacent to the 65315,20
gléss chip on the lunar top of the rock.

In obtaining samples of glass and crystalline material from
the same rock, our primary objective was to investigate whether the
crystalline state of the medium would have any significant effects on
the retention of implanted solar wind ions. However, prompted by a
suggestion from A. Turkevich (1973), it was decided to measure

fluarine depth distributions on these samples as well. The in situ

chemical analysis of lunar highlands material performed by the
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Surveyor 7 alpha=particle scattering experiment revealed a surpris-
ingly high fluorine content (0.26 * 0.11 percent F by weight) in two
soil samples (Patterson et al., 1970). Somewhat less fluorine
(0.07T ¢t .2 percent) was detected in a rock-analysis although
statistical uncertainties were guite large. Analyses of returned
lunar soils have not shown such high fluorine contents, suggesting
that fluorine may have been concentrated in micron-thick layers at the
surface of the Surveyor T samples. Turkevich suggested that this
fluorine could be the result of volcanic exhalations or gases from
impact volatilization depositing on the surfaces of soil grains, and
that the analvsis technique using the 19F(p,ay)160 reaction could be
used to investigate this possibility. ©Solar wind implantation could
be considered as an alternative, although less likely, source., Since
the Apollo 16 site was in a lunar highlands area geologicallv similar
\to the Surveyor T site, the Apollo 16 samples presented a good
opportunity to look for surface fluorine enhancements.

The atmospheric exposure and sample handling history of the
64455 and 65315 samples was virtually unchanged from the description
given above for the 15015 and 15059 samples., The H distributions
were measured first on the 64455 samples with the results shown in
Figures 13 and 14. The "exterior surface" data are measurements on
the lunar exterior faces of the samples. As observed previously, the
H in the first few hundred angstroms is rather labile, while the
relatively small H contents at greater depths are much more stable.

The 6LL55 distributions are all characterized by a maximum within two
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or three hundred angstroms of the surface, similar to the profiles
measured on the 15015 and 15059 samples, There is apparently no
significant difference between the glass sample (6&&55,2&) and the rock
samples (6L455,33). the interior samples all show a concentration of
hvdrogen within a few hundred angstroms of the surface which is
svstematically lower, although by less than a factor of two, than on
the corresvonding lunar exterior surface, For 64455,33-1 the H
concentration remains higher in the exterior sample to a depth of at
least O.4 um, while for 6LL55,33~2 and the 64LL55,2L4 glass, the
exterior sample shows no excess below about 0.2 um compared to the
interior samples.

Once again, the relatively large H concentrations observed
within a few hundred angstroms of the surfaces of the interior samples
must be interpreted as terrestrial contamination since these surfaces
were freshly created in chipping the samples from the rock in the LRL
processing line, These surfaces have been exposed only to dry
nitrogen, providing additional support for the conclusion, made as a
result of similar observations on the 15015 and 15059 samples, that
even the small residual H,0 content of the "dry" nitrogen is
sufficient to significantly contaminate these surfaces.

All of the 6LL55 samples as well as the 15015 and 15059
samples, both interior and ekterior, show an H content of 20-50 ppm
bv weight at depths of 0.2-0.4 um. Although relatively small, these
concentrations are distinctly above background. (Compare with the

counting rates for depths below zero in Figures 12-1k4)., For the
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exterior samples, inward diffusion of solar wind hydrogen or direct
implantation of 10-100 keV protons are possible sources; however,
these cannot explain the results for the interior samples unless
diffusion has extended essentially throughout the volume of the rock.
It appears more reasonable to conclude that we are observing either
indigenous lunar H or "inherited" solar wind hydrogen which was
present in the materials from which 64455 was formed,

Following the measurement of the H profiles, a 30-nA proton
beam was used to measure 19F depth distributions. It should be noted
that the penetration depths of the 16-18 MeV 19F ions used in the H
analysis (8 um) are well beyond the l-um range of these F distri-
bution measurements and hence should not be expected to contribute to
the measured ¥ contents of this l-um layer.

The results of 19F depth profile measurements on the 6LL55
samples are shown in Figures 15 and 16, The 64455,24 glass sample
showed a fluorine-rich zone at an apparent depth of 0.35 um and s
width of 0.2 um. Scanning the proton beam across the surface of the
sample showed that this fluorine-rich zone is apparently not parallel
to the surface, although the profile was not measured in detail for
each beam position. The 64L455,33-1 sample showed a peak within 0.1 um
of the surface, but this peak was not reproduced in the "second run"
data. TFor this remeasurement the peak had apparently shifted inward
to 0.1-0,15 um deep. This apparent shift could be interpreted as a
volatilization of fluorine from the surface due to irradiation with

the proton beam, but it could also be due to a build-up of an
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clectrostatic charge on the silicate sample as the irradiation pro-
sressed, A surface potential of a few kilovolts would slow down the
incident protons enough to cause a significant difference between the
measured beam energy of the protons as they strike the sample., (In
the calculation of the depth scale, it is assumed that this difference
is negligible.) Since the average surface potential on the sample
necessary to cause an apparent inward shift of 0.1 um is 5.5 kV, this
explanation does not seem unreasonable, The charging of a 1,5=-cn
diameter fused silica disc was measured by observing the shift in
beam energy (relative to the resonance energy) necessary to obtain the
maximum counting rate from a thin (5 ug/cmg) evaporated CaF, surface
coating. The average potential was determined to be 10 kV with
fluctuations of *5 kV, implying a magnitude for this charging effect
on the 64L55,33-1 sample (probably somewhat smaller than for the fused
silica target) in reasonable agreement with the observed shift in
the peak of the F distribution. (This effect is not important for the
hydrogen measurements since the apparent inward shift of the H distri-
bution resulting from a 10 kV surface potential is less than the
resolution of ~200 K.) It would appear more difficult to ascribe the
peak in the measured 6LL55,2L4 T distribution to a surface (zero-depth)
concentration of ¥, since this would require an average surface poten-
tial of ~20 kV for this sample. Although this seems unreasonably high,
the possibility cannot be ruled out at this time.

Data for the lunar exterior surface of 64455,33-2, although

incomplete, show no fluorine enhancement above a constant level of
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WSO‘ppm applicable to all three 64455 exterior samples. The interior
surfaces of these samples also showed relatively uniform F distri-
butions, except for small concentrations within ~500 K of the surface,
with the 64455,33-2 interior having a relatively high F content of
nv100 ppm. The fluorine data for these samples are summarized in Teble
L, giving the apparent depth and width (FWHM) of the veak in the
distribution and the total F content in the 0-0,5 ym and 0,5=1.0 um
deep regions. The H distribution data are again summarized in Table 3.
For the 65315 samples, F distributions were measured first to
eliminate the remote possibility that a portion of the observed F
content could be due to lgF ions implanted during the H measurements
nigrating out to within 1 um of the surface. An additional proéedure
involving measurement of the yield of 11-MeV y rays from ETAR(p,y)EBSi
near the 992-keV (proton energy) resonance was also introduced, This
reaction, although much weaker than 19F(p,ay)160, produces most of the
counting background for the F analysis measurements due to the
relatively high AL content of the lunar samples. If the AL content is
reasonably uniform in a ~vl-um surface layer, a step in the ll-Mev
y=-ray vield is observed as the proton energy is increased past the
992-keV resonance. Any observable shift in the location of this step
can be attributed to charging of the silicate sample, assuming that
thin (0.1 um), Al-free coatings can be ruled out, If a significant
surface potential exists during the F distribution measurements, it
should be detected by this procedure since the experimental conditions
are ldentical, except for a ten percent difference in the proton beam

energy.
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Measurement of the F distribution in the 65315,6 glass chip
revealed a much larger F content (Fig. 17) than was observed in the
64455 samples. An upper limit of ~5 kV can be placed on the surface
potential during irradiation as a result of the QTAR(p,y)gasi
measurement described above; however, this limit is not strong enough
to rule out the possibility that the observed peak is actually a
surface (zero-depth) concentration apparently shifted to a depth of
0.1 um by a surface potential of ~5 kV. The peak concentration
corresponds to 2000 ppm F, with an average over the outer 0.5-um
layer of 1000 ppm. A remeasurement of the distribution resulted in
an apparent decrease in the F content of this depth region by about
a factor of 2, implying that F may have been volatilized by the proton
beam. This discrepancy could also be due to a shift in the position
of the beam spot on the sample, if large local variations in F content
exist over the surface of the sample., However, a scan across the
sample revealed no areas with a large enough F content to reproduce
the original measurement,

The lunar interior side of this sample contained little
J —= about an order of magnitude less than the exterior surface. The
interior surface analyzed was mostly glass with small patches of white
anorthosite.

Interior and exterior surfaces of the 65315,20 glass chip
were also analyzed for I', as well as an interior face of the white
anorthosite chip 65315,8., These surfaces contained only small amounts

of F, compared with the 65315,6 exterior glass surface. However, the
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near-surface enrichments of ~10L° F a.toms/cm2

observed on the interior
faces of both of these samples indicated that they have most likely
been subjected to some form of terrestrial F contamination. Contam-
ination wifh I has not been observed on any of the fused silica or
other test samples or on fresh interior surfaces of chondritic
meteorites prepared in this laboratory. It can be concluded from this
observation that either the lunar samples (both exterior and interior
surfaces) have an exceptional affinity for some unidentified form of
F contaminant associated with the sample handling procedures used in
this study for the lunar, meteoritic, and terrestrial samples alike;
or the contamination is introduced in the LRL processing line., A
likely source is the freon used to clean the tools, work areas, and
éontainers used on the Apollo missions and at the LRL, The teflon
bags in which samples are packaged and sealed are another possible
source of F contamination,

The T data for these 65315 samples are again summarized in
Table 4. H distributions were also measured and the data summarized
in Table 3., Although the data for both exterior glass samples
(65315,6 and €5315,20) show significant penetration of the [ to
depths up to ~0,3 um, the prior irradiations to measure I" distri-
butions may have significantly depleted the original H content of
these samples, rendering the measured profiles less accurate repre-
sentations of the initial distributions than if the H measurements
had been performed first. The large size of the 65315,8 sample

prohibits mounting of the sample with the present sample holders to
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irradiate the lunar exterior surface. Rather than break the sample
into smaller pieces, it was decided to store this sample until it

could be mounted in a new, larger scattering chamber,

4, Apollo 16 ALSRC samples

For a relatively small fraction of the returned lunar samples,
the atmospheric exposure in the LM and CSM cabins and on Earth prior
to introduction into the LRL processing line has been avoided by
sealing the samples in an indium-sealed aluminum vacuum container
(ALSRC) on the lunar surface. Thus, although these samples are still
subject to possible H20 contamination from the astronauts' cooling
systems on the lunar surface and from the residual H20 content of the
"dry" nitrogen gas to which they are subsequently exposed, exposure to
normal atmospheric humidity is eliminated as a source of H20
contamination.

Four Apollo 16 samples returned in one of these vacuum-sealed
sample containers were obtained for this study. Three of these
(6604L,8; 68124,3; and 68124,10) are L-10 mm coarse fines and the
fourth (68815,27) is a chip from a large breccia boulder, The sample
handling procedures used are the same as those initiated with the 15015
samples, avoiding any exposure to the laborsatory atmosphere.

Rock 68815 is a glassy, dark-matrix, dark-clast breccia in
the classification of Wilshire et al. (1973). Track gradients, rare
gas spallation ages, and microimpact pit densities give a concordant

exposure age of "2 x lO6 years for this rock, which is itself a chip
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from the top of a large boulder (Behrmann et al., 1973), Sample
68815,27 is a surface chip with an exposed 2-mm X 4=mm light-colored
region surrounded by darker gray material, A thin section prepared
from small chips of the sample showed that the dark grey material was
a very fine-grained matrix, perhaps devitrified glass, and the light-
colored material was mostly crystalline plagioclase., The H distri-
bution measured on this sample (Fig. 18), characterized by a broad
peak extending to ~0.2 um followed by a more gradual decrease in the
H concentration with increasing depth, is qualitatively quite similar
to the distributions measured in the Apollo 11 and 15 coarse fines,
most notably 10085,31-12; 10085,1 and 15413,5-2. The total H content
of 2.3 = 1016 atoms per cm2 is second only to the 5.5 x lO16 per cm®
obsefved in the 10085,31-12 brown glass fragment, The lunar interior
surface shows only a superficial surface H concentration, similar to
the distributions measured on the interior surfaces of the other lunar
rock chips, in addition to a uniform H content of only ~20 ppm in the
O.4-um deep measured region.

| Figure 19 illustrates the evolution of the distribution in
68815,27 during the irradiation with the 19F beam. Three successive
data runs are presented with individual data points for a given run
connected by straight line segments, except at the peak where a some-
what arbitrary curve has been drawn to estimate its shape, Despite
the low beam current density (< lOlh ions/cmz in about 10 minutes for
each data point), the H content is significantly reduced for each

successive measurement, A slight suggestion of a shoulder in the
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profile at 0,3 pm in the first run has evolved into a definite second
peak by the third run., The slope changes more abruptly at a progres-
sively shallower point from run to run, suggesting that the first peak
‘represents a relatively loosely bound H component superimposed on a
deeper, broader, more tightly bound distribution. This is the same
sort of evolution of the profile under bombardment observed on
Apollo 11 and 15 coarse fine samples.

The light-colored region on the lunar exterior surface of
68815,27 is predominantly feldspar, so a significant fraction of the
exposed material (possibly beneath a thin metamictized layer) is
crystalline. A scan across the surface of 68815,27 showed no
significant variation in the H content below ~0.1 um, indicating
no cbservable difference in the H distribution between the feldspar
and the glass matrix.

Using a similar technique employing a resonance in the
reaction 1H(7Li,y)8Be (Padawer and Schneid, 1969), a research group
at Grumman Aerospace Corporation has also detected a concentration
of H within ~0.4 um of the surface of a sample from rock 68815
(Padawer, 1973; Stauber et al., 1973). The sample subjected to this
analysis (68815,25) was quite similar to 68815,27 in that a light-
colored clast was embedded in the analyzed exterior surface., Since
this technique is only "6 percent as sensitive (in terms of counts per
incident ion per ppm H) as the lH(lgF,ay)l6O technique, in addition to
having a poorer depth resolution (by a factor of (), statistical

uncertainties and resolution limitations permit only qualitative
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comparisons with the results of this study. Over the same depth range,
the 1H(TLi,v)0Be data (5 data points) are not inconsistent with the
68815,27 profile measured in this study, however the measured H content
is lower by a factor of ~3 relative to the 68815,27 results, Although
variations of this magnitude across the surface of rock 68815 are not
unreasonable, it is probable that the H content of 68815,25 prior to
the TLi irradiation was somewhat higher than the measurements indicate.
The mobility of the distributions observed in the present study may be
greatly magnified by the much higher ion fluxes and total doses per
data point used by Stauber ei al. The analyzed area of 68815,25
sustained a power density input of ~10 watts/cm® (Stauber et al.,
1973), while the analysis of 68815,27 in the present study involved
only 0.5 watt/em?.

Stauber et al. also subjected a splash-glass chip from rock
61016 (61016,135) to the YH(TLi,y)®Be analysis. A rather large
(2 x 1016 atoms/cmz) concentration of H was observed within ~0.1 um
of the surface, with an I content of 100-200 ppm from ~0,1 um to ~2 um
deep.

The three coarse fine samples from the Apollo 16 ALSRC
obtained for this study consisted of two crystalline anorthosite
fragments (660LL,8 and 6812L4,10) and a dark brown glass spherule
(68124,3). Two opposite surfaces were analyzed on each sample,

Surface A on each sample was analyzed for fluorine before performing
the H distribution measurements, while the H analysis was done first

on the B surface.
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Sample 6614L4,8 is a S-mm blocky anorthosite fragment,

“ gray area which may be glass, while surface

Surféce A includes a l-mm
B appears to be essentially all anorthosite. The sample was mounted
using a 3.2-mm glass collimator, Neither surface revealed an H
distribution which was remarkable in any way. A superficial surface H
concentration of "2 x 1015 per cm2 on B was not observed on Aj; however,
the previous irradiation of surface A for F analysis probably dis-
sipated any superficial surface H from this surface., Only slight
enhancements of the H content at depths greater than ~0.1 um were
observed on these surfaces,

Surface A of 68124,3, a 5-mm glass spherule, appeared to be
quite smooth, while several small pits could be seen in a cursory
inspection of surface B. The H profiles measured on these two
opposite surfaces are virtually identical, and quite similar to the
data shown in Figure 18 for the 68815,27 interior surface. Similar
results were obtained for the two analyzed surfaces of 68124,10, a
5-mm x T-mm anorthosite fragment., The only notable difference in the
H analvsis for the 68124 samples is the slightly higher uniform H
content in the O,4-um deep measured region for 6812L,10 (30 ppm) as
compared with G8124,3 (10 ppm),

Figure 20 shows the I distributions measured on bhoth exterior
and interior surfaces of 68815,27, The dominant feature is a narrow
(3 0.1 um) peak 0.15 un deep with a tail extending to 0,8 um deep in
the exterior samvle. 'Moving the proton beam across the surface

indicated that this sharp vpeak apparentlvy has a sizeable (2 1 mm)
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lateral extent at a relatively constant magnitude. This thin F-rich
laver may be a surface (zero-depth) F concentration which appears to
be shifted inward due to a surface potential of several kilovolts, as
discussed earlier. The excellent reproducibility of this distribution
(data from two consecutive energy scans are plotted in Figure 20),
requiring an extremely stable surface potential, makes this inter-
rretation aprear somewhat unlikely, However, the 27A£(p,y)2881
measurernient was not performed on this sample, so no definite con-
clusions can be made concerning the extent of the charging effect.
Contamination apnears to be a problem with fluorine even
with samples from the sealed sample container. The F profile for the
68815,27 interior has a peak within 0.1 um of the surface. Further,
a remeasurement of this distribution after an interval of about one
week resulted in an observed T content twice as large as in the
original measurenent shovn here, During this interval the sample
remained undisturbed in the scattering chamber and was exposed onlv to
drv nitrogen gas (for ~2 hours) and a vacuum of '\:lO"9 Torr. The
64455 samples, however, showed little change over this same period,
o H contamination accompanied this increase in ¥ content. The source
ol the apparent contamination has not been identified; however, it may
be that this apparent increase is due to large local variations in F
concentration from vprior contamination, with an area of higher F
contamination, not within the beam spot for the first analysis,
illuminated during the remeasurement,

An exceptionally high F content was observed on 660L4L, 8-B,
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averaging nearly 2000 prm F in a layer 0.5 um deep (Figure 21). High
¥ contents (1400 ppm) continue into the sample to at least 1,0 um deep.
An intentional shift in the position of the beam spot on the sample
shows a significant variation in the F distribution, but the distri-
bution measured on a particular spot appears to be reasonably stable
under continual bombardment, 6604L,8-A contains somewhat less F than
the 66044 ,8-B surface, but the 820 ppm F within 0.5 um of the surface
is still quite high compared with most of the other samples listed in
Table 4, Although the peak F concentration in 660LL,8-A appears to
be located at a somewhat greater depth than in 66044 ,8-B (0,10 um
compared with 0,03 um), this difference can be explained entirely by
the surface potentials measured using the 992 keV resonance in
2TAQ,(p,y)QBSi and interpreting the peaks as true surface (zero-depth)
concentrations. Average potentials of T * 3 kV and 2 * 2 kV were
measured for surfaces A and B respectively, as shown in Figure 22,
The sharper step observed for surface B indicates that fluctuations
about the average potential were not as great as for surface B, The
resonance width is only 0.1 keV; however, the estimated energy spread
of the incident proton beam (n1 keV) makes a significant contribution
to the width of the step observed for 660LL,8-B. Although additional
broadening could be caused by a large depletion of AR within a few
hundred angstroms of the surface in a particular sample, this
alternative appears quite unlikely. Thus, additional broadening
bevond that due to the energy spread of the proton beam must be

interpreted as due to kilovolt fluctuations in the surface potential
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on the sample during irradiation with the proton beam, Although the
most likelv interpretation for the peaks in the F distribution appears
to be surface contamination, the large (1400 ppm) amounts of F observed
below this surface concentration on 660LL,8-B must be interpreted as

an excevntionally large volume concentration of ¥, It is unlikely that
such large amounts of terrestrial F contamination could penetrate so
deeply (up to at least 1.0 um), especially considering the lack of a
penetrating tail on the surface peak, Conseguently, the best inter-
pretation for the observed large concentration of F in the outer micron
of the 6604L,8-B surface is that it is lunar F. However, a small
particle of teflon lodged on this surface could conceivably account

for these results.

The T distributions measured on the two opposite surfaces of
68124 ,3, the glass' spherule, are qualitatively quite similar (Fig. 23);
however, the amounts differ by about a factor of two, The apparent
depth (“0.1 wm) of the peak F concentration can be explained entirely
by interpreting the peak as a surface concentration with an apparent
inward shift of more than 0.1 um due to the surface potentials measured
using 2TAl(p,Y)QBSi (see Figure 22),

For sample (68124,10, comparatively little F was observed in
either face, but small peaks were observed in both., The apparent
0.17-um depth of the peak in 68124,10-B can again be explained by the
surface potential due to charging inferred from the ETAE(p,y)28Si
measurement (althoueh insufficient data make the 14 kV estimate highly

uncertain), interpreting the peak as a surface concentration. The
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surface potential determination was not performed for 6812k,10-A;
however, the apparent 0.09 um depth of the peak could easily be
explained by shifting of a surface concentration due to a potential

of ~5 kV,

5. BSimulation experiments

Borg et al, (1971) have observed metamictized coatings
(rendered amorphous by radiation damage) 200-1000 R thick on lunar
soil grains by high voltage electron microscopy. Although the boundary
between the amorphous layer and the underlying crystalline grain
generally appears quite sharp, high nuclear particle track densities
(> 10ll tracks/cmz) indicate that radiation damage may still be quite
severe (but below saturation levels) to depths of a few tenths of a
micron. If this type of radiation damage can render a silicate
material porous to water, then the deep (~0.2 um) H concentrations
observed in several of the lunar samples, most notably 10085,31-12
and 68815,27, might be explained as terrestrial H,0 contamination
nenetrating the surface of the lunar sample to the limit of the
porous region,

In order to check the possibly greater extent of H,0 pene-
tration into heavily radiation damaged silicate materials relative
to undamaged samples, a set of fused silica samples was first baked
at 300° C in vacuum to drive off surface contaminants and then
irradiated with 86 keV 16O ions, The irradiation doses of 2 x 1016

to 1.4 x 107 ions/cm2 (into a é-cm2 area) should be more than enourh
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to damage a laver 0,20-0.30 um deep to saturation (Hines and Arndt,
1960; Winterbon et al,, 1970). Some of the artificially damaged
Tfused silica surfaces were exposed to Ho0 and then subjected to H
distribution measurements., One set of irradiated samples was exposed
to lp0 in vapor form only (laboratory atmospheric humidity for al
week) and a second set was given a 2h-hour exposure to distilled

HQO in addition to atmospheric exposure, A third set was kept under
vacuun, except for a two-=hour exposure to dry H2 gas. Unirradiated
samples were included with each set as controls,

Results of the subsequent H distribution measurements
indicate that a small amount of 0 (107”7 to 2 x 10 U atoms/em?)
has penetrated to depths of up to 0.10 um (Fig, 24) in all of the
irradiated samples exposed to water in either ligquid or vapor form,
The distributions are similar to the H profiles measured on the 15015,
15059, and 6LL55 lunar samples, except the concentrations are smaller
by less than a factor of 2 than the surface concentrations on these
lunar samples and drop to zero by ~0.10 um deep in even the most
heavily irradiated samples, The depth of the H,0 penetration is
not comparable to the expected extent of the damage saturated region;
however, scanning laterally across the irradiated samples indicated

that penetration of the H,O had occurred mainly in the area irra-

2
diated by the 16O beam, The samples exposed only to dry N, for a
short time showed no surface 1150 (< 10lh H atoms/cme).

These results provide additional evidence for the identi-

fication of the near-surface H concentrations in 15015, 15059, and
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64455 lunar samples as terrestrial H,0, It seems improbable, in
this light, that the large 0.2-um deep concentrations on 68815,27
and some of the Apollo 11 and 15 coarse fines could be terrestrial

H,0.

6. Apollo 16 LSCRE foil

The hydrogen distribution was measured on both sides of an
aluminum-coated platinum foil from the Apollo 16 Lunar Surface Cosmic
Ray Lxperiment (LSCRE)., The side with the aluminum coating (~0.1 um
thick) had been exposed to the April 18, 1972 solar flare event, which
lasted for the first half of the mission. Both sides showed a large
concentratidn of hydrogen within ~200 K of the surface -~ about
6 x lO16 per cm2 for the exposed side and 3 x lO16 per cm® for the
other side., This difference could be due partially to the solar
flare exposure, but unequal surface contamination should be expected,
especially considering that the two surfaces are of different metals,
There is no evidence of any implanted hydrogen above that from H
contamination, but, using the H observed at depths greater than 0,1 um,
an upper limit can be set on the exposure to 10-40 keV protons if one
assumes that all such particles are retained in the platinum at the
end of their range. The y-ray yvield is quite flat over the 19F
energy range corresponding to the implantation depths for 10-L0 keVv
protons, Assuming that the difference in yield between the two sides
of the foil over this range is due entirely to implanted solar flare

protons, the implied integrated flux of protons in the 10-40 keV range
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is lO15 per cm2. At least part of the difference, however, can be

attributed to the off=resonance yield from the higher surface
concentration of hydrogen on the exposed side. BSo at best we

ol> protons per cm2. This 1imit is

obtain an upper limit of about 1
questionable, however, due to the doubtful assumption that all
implanted protons are retained at the end of their range. An
artificial implantation of 20=keV protons was performed to test this
assumption and resulted in about 40% retention at the implantation
depth when the distribution was measured several hours after the
implantation. Under illumination by the l9F beam, however, the
diffusion process was much more rapid than had been observed in
implanted glass samples, so the effects of diffusion during the
measurement of the distribution may have led to considerable losses
of implanted H.

Data from the Apollo 16 Lunar Surface Cosmic Ray Experiment
(Burnett et al.,, 1973) imply that if an inverse cubic proton energy
spectrum is extrapolated from the MeV range down to 10 keV or lower,
the integrated flux of 10-40 keV protons on the piece of aluminum-
coated platinum foil should have exceeded 1016/cm2. The upper limit
of 1015/cm2 suggests that the spectrum diverges from an inverse cubic
behavior at an energy somewhat higher than 10 keV. Our implantation
results, however, suggest that the retention of the solar flare protons
at depths corresponding to 10-L0 keV proton ranges may have been poor.
Consequently, the above conclusion on the energy spectrun cannot he

strongly defended,
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13, Discussion

1. Depth distributions of H in lunar samples

In summary, three major features have been observed in the
I distributions of one or another of the lunar samples analyzed in
this study: (1) a narrow concentration peaking within ~200 R of the
surface, (2) a broad distribution extending from the surface to
0,20 um deep, and (3) a still broader distribution apparently
peaking at 0,25 um and extending at least to a depth of 0.45 um.
These Teatures can coexist in a given sample, with (3) appearing as
a shoulder on the tail of (2) followed by a more gradual decrease in
H contenﬁ with increasing depth. Samples 10085,31-12 (Fig., T) and
68815,27 (Figs. 18 and 19) show these deeper features most clearly,
while the 6LL55 samples (Figs. 13 and 14) exhibit typical narrow
surface (within a few hundred angstroms) concentrations., The obser-
vation of this same feature on the "interior surfaces" of the lunar
rock samples is the primary basis for the interpretation of this
tvpe of distribution as terrestrial contamination, probably H0.
The consistently higher (except for 65315,20) surface H concentrations
on the exterior surfaces compared to the interior surfaces, although
possibly due to small amounts of implanted solar wind H, can be
satisfactorily explained by a greater affinity for H20 resulting
from solar wind radiation damage even apart from the more extensive
exvosure to terrestrial HEO experienced bv the exterior surfaces.

Cadenhead et al, (1972) point out that a typical gas will

achieve monolaver coverage in seconds even at pressures as low as
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10‘6 Torr, Hence, the observation of approximate H,0 monolayer
eouivalents (v2 % lO15 H atoms/cmz) on the surfaces of samples from
the sealed rock box (ALSRC), which have been exposed to "dry"
nitrogen (20-50 opm Ho0), although not to room atmosphere, is not
remarkable, The distributions observed on the interior surfaces of
the lunar rock samples, which are almost certainly due to terrestrial
320 contamination, are all consistent with coverage in the monolayer
region, (Compare the calculated appearance of an H;0 monolayer

shown in Figs. 13 and 1L,) Thus, it should be expected that coverage
(rhysisorption) in the monolayer region should have taken place on
the exterior surfaces as well, Water vapor adsorption studies
(Cadenhead et al., 1973; Cadenhead et al., 1972; Fuller et al., 1971)
imply that a brief exposure to air results in an irreversible
adsorption of water vapor onto previously pristine lunar sample
surfaces, This irreversible adsorption is interpreted as a chemi-
sorption since temperatures above 300°C are required to release the
adsorbed H20; however, the extent of the chemisroption also appears
to be limited to about a monolayer equivalent, implying that the
chemisorption does not significantly penetrate more than a few atomic
lavers. TFuller et al. (1971) find no evidence of inherent porosity
in the SOO-K thick metamict coatings on lunar dust grains observed
by Borg et al. (1971)., Hence, the somewhat larger, more strongly
bound surface H concentrations observed on the exterior surfaces of
rocks 15015, 15059 and 6GLL55 as compared to interior rock surfaces

can be intermreted as H20 chemisorbed by a surface layer rendered
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significantly more reactive than the fresh interior surfaces as a
result of solar wind exposure. (Some other effect of the reducing
environmnent of the lunar surface may be necessary to explain the
aprarent chenisorption on samples from the unpitted bottoms of
rocks 15015 and 15059 if, indeed, these samples have had no solar
wind exposure.) A vhysisorbed coverage comparable to that observed
on the interior surfaces is probably superimposed on the more
strongly bound chemisorbed component. This interpretation is
supported by the results of the tests performed in this study to
simulate the surface conditions due to radiation damage from ions
of keV energies, Although the irradiations of fused silica samples
with 5.4 keV/amu 160 ions are expected to cause severe radiation
damage over a depth range of ~0.25 um, exposure to atmosphere
resulted in an adsorption of Ho0 in monolayer ocuantities with pene=
tration confined essentially to a region 0-500 K deep. Only slight
evidence of penetration to a depth of 0,1 um was observed., The
observed II concentrations were somewhat larger and more strongly
bound on the irradiated samples exposed to 1,0 than on samples which
had not been irradiated, (A similar observation has already been
made concerning the H distributions on exterior surfaces of lunar
rocks as compared to fresh interior surfaces.) A chemisorption has
apnarently occurred on these simulated surfaces as well as the actual
lunar sample surfacesj; however, the penetration of the chemisorbed
H,0 does not agree with the radiation damage range of the 16O ions,

This sugrests that whatever chemical alteration of the samples is
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involved, it is essentially a surface effect of the irradiation,
rather than a volume effect. A likely candidate is sputtering.

The surfaces of lunar samples have been described as non=stochiometric
and oxygen-deficient (Gammage and Becker,1971l; Epstein and Taylor,
1971) and this reduced state has been attributed, in part, to
fractional vavorization (by solar wind sputtering and/or impact
volatilization) of oxygen relative to heavier atoms, This effect

has probablyv also depleted the surfaces of the irradiated fused

a2

silica samples in 0 relative to Si (while an oxvgen excess results
at pgreater denth due to the use of 16O in the irradiation), The
chemisorption of H,0, then, may be part of an oxidation process in
which stochiometryv is at least pvartially restored to the surface
region from which the sputtered atoms were removed, The lack of a
stronglv bound surface H concentration on the 10085, 15413 and

15533 samples, which had been exposed to room atmosvhere for a few
months prior to analysis, may be the result of this oxidation
vrocess folng to completion with the release of the H in the form of
Hy gas. Tor the 5315 samples, the prior irradiation (for F analvsis)
was probavly sufficient to dissipate any surface H concentration,
liovever, the 68124 samples also appeared to lack a strongly bound
surface [l comnonent, since the small (1015 E/cmg) surface concen-
trations dissipated rapidly on illumination with the 19 peam., This
provides an encouraging suggestion that perhaps the "dry" N, gas to
which these samples were exposed has a low enouglh water content to

prevent a significant chemisorption of HEO.
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The deeper features (2500 K deep) observed in the H distri-
butions of the 68815,27 rock sample, the three 10085 glass fragments,
and the 15413,5-2 rock fragment (and to a lesser extent in a few
other samples) are almost certainly the result, either directly or
indirectly, of exposure to solar radiation; although it is not clear
exactly how these features are related to the irradiation history
of these surfaces. Four possibilities will be considered here:

(1) adsorption of a terrestrial contaminant (H,0) by a region which
has been heavilv damaged by solar radiation, (2) an inward bulk
volume diffusion of solar wind H, perhaps reaching an equilibrium
with the surface erosion rate, (3) population of a distribution of
radiation damage traps by solar wind H, with diffusion acting only as
a means of populating traps and not directly influencing the shape of
the H distribution, and (4) a relatively unmodified (except by
erosion) implantation distribution for a "suprathermal" (5 - 100 keV)
solar proton component. Clearly, combinations of these proposed
mechanisms should also be considered.

The possibility that a terrestrial contaminant, most likely
50, has penetrated beyond the region a few hundred angstroms deep,
which might be affected by sputtering or other fractional vapor-
ization effects, and into a region made porous or highly reactive to
depths of 0.4 um by extreme radiation damage in these few samples
cannot be ruled outj; but it appears unlikely for a number of reasons,
First, the identification as H_O contamination of H concentrations

2

essentially confined to the 0-500 K deep region even on exterior
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surfaces of heavily pitted rocks such as 64455 indicates that
prolonged exposure to solar radiation has not made these surfaces
porous to H,0 contamination, Second, exposure of artificially
damaged fused silica surfaces to HEO’ even in liguid fdrm, provides
no evidence for the penetration of H20 to depths greater than ~0,1 um,
Third, protection against exposure to atmosphere appears to have
prevented the chemisorption of H50 on the 68124 samples. The H
distribution on the pitted 6812k,3-B surface was essentially identical
to that on the interior surface of 68815,27 indicating ﬁhat only
monolayver physisorption appears to have occurred, with this small
surface conentration dissipating rapidly under illumination with the
197 beam, Since H,0 contamination has had such a small effect on
these samples, it appears improbable that it could have had such a
profound effect on the 68815,27 exterior surface as would be implied
by interpreting the observed distribution as extensive penetration of
terrestrial H,O,

Taling this evidence at face value, the bulk of the H content
at depths greater than ~500 K is best interpreted as true lunar H
rather than terrestrial contamination, The concentration of this H
near (within ~0.5 um) the surfaces of the samples is consistent with
a solar wind originj; however, the details of the depth distributions
imply extensive modification of the implantation distribution.
Processes which may have significant effects include saturation, solid
state diffusion, surface erosion, and radiation damage.

ol> cm"2 = -1

Since the flux of solar wind protons, 6 x 1 yr
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(Ceiss et al., 1970; Bame et al., 1970), is sufficient to saturate

an exposed surface with H in a very short time (10 - 100 yr), the
turnover of the top soil layers should insure that most soil fragments
have'been exposed long enough to reach saturation at some time in
lunar history. Illowever, very few grains (other than ilmenite) are
actually found with saturated surface layers (Eberhardt et al., 1970;
Kirsten et al., 1971), implying that diffusive losses may be extensive
even for concentration levels well below saturation, While many lunar
rocks have apparently been tumbled so that all faces have been exposed
for times > 102 vr, a significant number exhibit no microimpact pits
on their lunar bottom surfaces and hence have apparently been exposed
in onlv one orientation (Morrison et al., 1972). Rocks 15015 and
15059 appear to fit this latter category; however, the surface of
rock 68815 from which sample 68815,27 was taken has an exposure age

of n2 x 106

vears, and has therefore certainly had adequate exposure
to reach a balance between the rate of implantation and the rate at
which H is lost from the surface by diffusion and erosion,

The avpparent penetration of rare gases to depths of up to
a few microns in lunar soil grains has been attributed to solid state
diffusion of solar wind ions (Kirsten et al., 1970), Unfortunately,
little is known about diffusion of gases in lunar materials, except
by inference from the known properties of terrestrial materials,
However, if a bulk diffusion process is assumed for the redistribution

of implanted solar wind protons, an eguilibrium distribution may

eventually be reached due to a balance between the rate at which the
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diffusion front progresses into the material and the rate at which the
surface is being eroded by solar wind sputtering. The characteristic
depth of such a distribution would be given by D/v where D is the
diffusion coefficient defined by Fick's law and v is the atomic erosion
rate, Using an erosion rate of 0.5 R/yr and the characteristic depth

13 en?/yr

of 0.2 um for the measured distributions, an estimate of 107
is obtained for D, This is to be compared with the following known
diffusion coefficients for H in fused silica at temperatures of

-2 em?/yr for interstitial

100-150°C (lunar daytime temperatures): A10
diffusion of H,, 10~ cm?/yr for diffusion of H' to form OH™, and
~10-9 em2/yr for diffusion of OH™ (Briickner, 1971). Hence it appears
that bulk diffusion should be much too fast to account for the

observed distributions., However, the mobility of any diffusing

species is influenced by local radiation damage, with the result that
the diffusing particles can be "trapped" in radiation damage defects

at low temperatures and released in the healing process at higher
temperatures (2 500° C) (Matzke, 1966). A weak form of trapping, with
a Tinite mean trapping time, might result in a diffusion coefficient

of the right order of magnitude (10'13 cmz/yr at v100° C); however,

the shape of the H depth distribution would be determined by diffusion-
erosion equilibrium only if the distribution of traps were reasonably
uniform as a function of depth. The observation of 200-1000 K thick
metamict coatings on lunar dust grains (Borg et al., 1971) indicates
that radiation damage is quite severe in this depth range. However,

high densities of nuclear varticle tracks (> lOll tracks/ch) were
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also observed in the underlving grain, In a bright-field micrograph
of an Apollo 11 grain (Fig, 3 of Borg et al., 1971) the authors point
out that "very few tracks with length greater than 0.5 um can be seen."
This suggests that the radiation damage distribution may be quite steep
over a 0,5-um depth range, resulting in & distribution of traps which
decreases rapidly wifh increasing depth over this range. Hence, the
distribution of radiation damage traps may be a more important factor
than diffusion in determining the depth distribution of H in lunar
samples.,

A number of studies concerned with the trapping of rare
gases in radiation damaged solids have led to a partial understanding
of the interactions of the implanted rare gas atoms with radiation
damage (Kelly and Brown, 1965; Matzke, 19663 Matzke and Whittén, 1966;
Kellv et al., 1968; Ducati et at., 1972)., At low implantation doses,
gas release is governed by normal diffusion kinetics, However, if the
doses are high enough ('\41016 ions/cmz) three new processes appear. A
small but significant fraction of the gas is released at temperatures
between the bombardment temperature and the onset of release by normal
volume diffusion, This is interpreted as diffusive motion which is
short-circuited towards the surface by interconnected regions of
radiation damage, and is given the name "damage diffusion" (stage I).
Normal volume diffusion (stage II A) is replaced by diffusion with
weak trapping (stage II B) at high doses, characterized by a higher
temperature release. Gas atoms are believed to be trapped in defects

produced by the heavy radiation damage, possibly small vacancy clusters,
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Large activation energies are required for escape from a trap;
however, trapped gas atoms are released when the temperature is
sufficiently high to allow healing (annealing) of the disordered
regions and, hence, elimination of the traps, Thermal release
profiles may be different for the various rare gases if escape
from traps i1s important at lower temperatures, but release at
annealing temperatures is common to all of the rare gases. A
third process, bubble diffusion (stage III), is important at much
higher temperatures and involves the motion of gas-filled bubbles.

The rare gas contents of lunar samples are only a small
residue of the amounts implanted during surface exposure, Ducatiet al,
(1972) suggest that most of the solar wind gas atoms are lost from the
heavily damaged metamict coatings at lunar daytime temperatures by the
"damage diffusion" mechanism discussed above (stage I). The remaining
gases may diffuse inward to populate traps associated with the high
track densities observed beneath the metamict coatings by Borg et al,
(1971), or may be retained in the metamict layer in those traps
which are not connected with the surface, Duplication of the lunar
sample He release patterns for synthetic glass implanted with
relatively low He' doses (< 1015 ions/em®) but pre- or post-damaged
with high proton doses (6 x 1016 ions/cm®) represents convincing
evidence for the proposed dependence on gas-damage interactions, since
samples implanted only with a low dose of Het show a much different
release pattern. At low doses normal volume diffusion results in a

low-temperature peak in the differential release profile, while at
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high doses a second peak appears at a higher temperature (consistent
with temperatures necessary for partial annealing) at the expense
of the first peak. Observation of this same effect with relatively
low He' doses in pre- and post-damaged samples argues strongly
against interpreting the higher temperature release as simply the
effect of having high rare gas concentrations, independent of the
radiation damage.

For hydrogen, the situation is complicated by the possibility
of chemical effects., Epstein and Taylor (1970, 1971, 1972) have
shown that H exists in lunar samples in forms which are thermally

released as both H,O and H

5 X The high D/H ratio in the released

H,0 (up to 133 ppm) as compared to the H, ( as low as 18 ppm) has
led them to identify the HQO as primarily terrestrial (typically
~150 ppm D) contamination while most of the H, is undoubtedly related
to the solar wind (< 10 ppm ), The H2/H2O ratio ranges hetween 2
and 5; however, the variation of D/H ratios with temperature indicates
that there is significant exchange of terrestrial and lunar H bhetween
the two chemical forms,

Lord (1968) has shown that artificial implantation of 2-keV
protons into terrestrial silicate minerals (olivine and enstatite)
is followed by thermal release of H2 gas. A retention coefficient of
0,9 for doses as high as 5 x 1016 ions/cm2 (~0.1 saturation dose) was
obtained bv comparing the quantity of H, released to the total proton
dose, The implications of this result for the lunar samples, that

implanted solar wind H would probably be released as Hy rather than
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H,0 (or some other product of chemical interaction with the medium),
are consistent with the interpretation based on the different D/H
ratios of the two thermally released chemical forms, However,
infrared absorption lines characteristic of OH and OD groups have
been observed in silicate targets following bombardment with MeV
protons and deuterons, respectively (Zeller et al., 1968), suggesting
that formation of hydroxyl groups by interaction of implanted solar
wind protons and the lunar silicates may be an important process.

The release of implanted H primarily in the form of H2 from lunar and
terrestrial samples indicates that either only a small fraction of
the retained II was in the form of hydroxyl, or that the O-H bonds

are preferentially broken in the thermal release experiments. OSince
most of the H2 is released from lunar samples at about the same
temperatures as He (Gibson and Johnson, 1971) and in agreement with
temperatures (~500° C) ét which partial healing of radiation damage
is expected (atzke, 1966), one might expect that He and H, gas

are trapped together in the same sites. Indeed, small gas bubbles
(80 K diameter) have been observed in breccia and soil grains and
attributed to solar wind (Phakey et al., 1972). Gentle room-
temperature crushing of a breccia sample (Funkhouser et al., 1971),

=3 of total content) rare gas

however, resulted in appreciable ("10
release but very little I, (2H2/He = 0,01 compared to 8 for thermally
released gases) and no detectable HEO. A similar result was obtained

" by crushing a sample of fines (#pstein and Taylor, 1972) which

released normal amounts of H2 on heating. This suggests that H does
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not exist as molecular H, gas populating the same voids, bubbles
and grain boundaries as He, but rather in an atomic or ionic state
with chemical binding preventing release at room temperatures. For-
mation of hyvdroxyl groups is one possibility, but the diffusion of
OII in silicates appears to be too fast to retain OH near the surface
vithout significant radiation damage trapping effects. It appears
likely that both H and lie are trapped in vacancies and vacancy clusters,
with the H forming a chemical bond with one of the surrounding atoms,
while the trapping for He is purely a physical effect. Hence, room-
temperature crushing would release He but not H, while the healing of
defects at 500° C would result in the release of both H and He from
their substitutional sites, with the H atoms combining to form H,.
Since radiation damage appears to influence the mobility
of implanted ions so strongly it is reasonable to suppose that the
observed I depth distributions could reflect the concentration of
traps as a function of depth., The thickness of the metamict coatings
(v500 K) has been correlated with the radiation damage range of ions
of mean solar wind velocities, The formation of these metamict layers
is attributed to interconnection of a high density of radiation
damage islands, so most traps may be interconnected with each other
and with the surface, providing an explanation for the almost total
loss of solar wind H from this region. One would expect, then, to
find a peak concentration of isclated traps below this damage-
saturated layver where the radiation damage due to solar wind particles

with higher-than-average velocities is still quite heavy, but not
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severe enough to interconnect the isolated traps., Calculations of
radiation damage ranges from theoretical considerations (Winterbon

et al., 1970, Schidtt, 1966) agree well with experimentally determined
damage ranges (Hines and Arndt, 1960) for ions of solar wind velocities
in quartz, and indicate that damage from solar wind He should extend
deeper than damage due to either H or heavier solar wind ions of the
same velocity. Using optical techniques to measure the thickness of a
laver in which saturated radiation damage has altered the refractive
index, Hines and Arndt (1960) found a radiation damage range of

0,19 ym for 3.8 keV/amu Het ions. Bulk solar wind energies as high

as 3,5 keV/amu have been detected in 3 hour averages of satellite

data (Wolfe, 1972). Hence the.observation of a rapid decrease in

II content with increasing depth at ~0.,2 pym deep in several of the
samples analvzed in this study is consistent with an interpretation

in which the observed depth of the H-rich layer is related to the
maximum range over which solar wind is effective in producing
radiation damage, A small fraction of the implanted solar wind

H may diffuse inward to populate these traps, rather than escape to
the surface with the bulk of the solar wind H, The more gradual
decreases with increasing depth between 0.2 um and 0.4 um deep

may represent a slow escape of H from these traps with a subsequent
inward diffusion, or it may reflect a more gentle gradient in the
concentration of traps. ©O8ince this region is beyvond the damage

range of solar wind ions and since solar flare ions are too penetrating

to result in a noticeable damage gradient in this depth region, such
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a gradient could only be due to ions of intermediate energies
(10-100 keV) such as the suprathermal protons observed by
Frank (1970).

The possibility of an appreciable flux of suprathermal
protons suggests an alternative explanation for the observed H depth
distributions, that of direct implantation of suprathermal protons
resulting eventually in an equilibrium with surface erosion and
involving only minor modifications due to diffusion. Such an
equilibrium would be reached in a time given by Rpyax/Vv where Rpay
is the maximum range of the implanted ions and v is the erosion rate,
For Ryax = 0.5 um and v = 0.5 R/yr the required time is n1oM yr. In
Appendix E, the procedure for calculating the depth distribution
resulting from a spectrum of incident energies is outlined. A
convolution of the flux spectrum with a function representing the
eouilibrium depth profile due to a monoenergetic portion of the
spectrum must be performed. The form of this function for solar
protons as well as for normal incidence and an isotropic angular
distribution (neglecting the effects of range straggling) are shown
in Figure 25. Since the exposure age of 2 x 106 vr for 68815,27 is
well in excess of the time necessary to reach equilibrium, this
sample was chosen as representative of an equilibrium distribution.
Tipgure 26 shows an example of the kind of long-term flux spectrum
needed to give such a distribution, with suprathermal proton data
from Frank (1970) plotted for comparison. It should be noted, however,

that these data represent the peak flux during one of several events
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(similar to solar flares) ohserved by Frank and, conseqguently,

should not be considered as representative of a long-term average.
Figure 27 shows the II distribution resulting from the hypothetical
long-term spectrum compared to the initial set of data from 68815,2T,
as well as the tail of a distribution chosen to overestimate the

nenetration of present-day solar wind protons («JOB cm'e-sec'l

il

bhetween 1 and 2 keV and %lOT en~“-sec™’ between 2 and 3 keV) calcu-
lated for normal incidence and including theoretical estimates of the
straggling in nrojected range (Schigtt, 1966)., The implied long-term
suprathermal proton fluxes are lower than the fluxes in the events
ohserved bv Frank by almost an order of magnitude, indicating that
this proposed explanation of the observed H profiles deserves

serious consideration, Ilowever, the long-term average flux in this
range may well be many orders of magnitude lower than the peak fluxes
indicated by the data in Figure 26,

Consideration of the various processes which might affect
the shape of the measured profiles has led to the following
conclusions:

(1) Essentially all of the implanted solar wind H has been lost
from the mSDO—K thick amorphous layver in which it is stopped..

(2) While a mortion of the observed H contents of the 0-500 K
deep surface laver may be a remnant of implanted solar wind, most of
the H observed in this region has been gttributed to Hs0 contamination,

hoth phrsisorbed and chemisorbed. It is doubtful that the extensive

renetration necessary to explain the deeper features of the H profiles
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of some samples is possible, especially for the vacuum-sealed sample
68815,27.

(3) The deeper features may reflect a steep gradient in the
concentration of radiation damage traps,with the traps populated by
diffusion of solar-wind (and/or suprathermal) protons. The high
mobility of the H under bombardment with the 19F beam, especially in
the 0-0.2 um region, suggests that this interpretation, involving high
levels of radiation damage to depths up to about 0,2 uym, is more
probable than the direct implantation of suprathermal protons unaf-
fected by radiation damage or diffusion, The extent of radiation
damage apparently decreases from saturation near 500 K to a fairly
low level at ~0.2 um deep. The damage to these depths is probably
due primarily to He ions from high velocity solar wind streams which
can cause radiation damage to significantly greater depths than protons
of the same velocity and are much more abundant than the heavier ions
(which have commarable ranges). The thermal release of Hy, apparently
of solar wind origin, at ~500° C is consistent with the annealing of
these traps, The mobility of the H in the 0-0,2 um deep region under
illumination with the 19F beam may not be a temperature effect but may

0:Lh ions/cm2

actually be due to collisions between fast 19F ions (1
for each data point) and trapped H atoms, knocking the H out of traps;
or, perhaps, may be due to the interaction of secondary electrons
produced by the 197 ions with the chemical bonds, resulting in the

release of some of the previously bound H., Once released from isolated

traps, the Il may be able to escape to the surface through inter-
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connected regions of radiation damage. This hyvpothesis would explain
why the distribution is stable under a bakeout to 300°C, but highly
mobile under irradiation even though the surface temperature of the
irradiated spot is probably somewhat lower than 300°C,

(4) The portion of the H distribution extending from ~0,2 um
deep to depths greater than 0.4 um, characterized by a more gradual
decrease with increasing depths, is best interpreted as either an
inward diffusion of H that has escaped from traps in the highly
damaged 0 - 0.2 um deep region into a region with relatively uniform,
low=level damage from solar flare ionsj a population of traps by
diffused solar wind and/or suprathermal H reflecting a gradient in
the trap concentration caused by damage from suprathermal ions; or
a direct implantation of suprathermal protons. The first inter-
pretation does not depend on any long-term suprathermal ion flux,
but does require a rather low diffusion coefficient. This possibility
is not inconceivable, however, since the diffusion of OH may be
strongly devendent on the chemistry of the medium, or weak trapning
in solar-flare damage tracks may slow the diffusion process signif-
icantly, However, suprathermal ions have been detected and track
gradients over the 0 - 0,5 ym depth range have been observed in
lunar soil grains, so such a diffusion process would probably be
strongly affected by the resulting gradient in the concentration of
traps. Higher long-term fluxes (W1013 protons/cm2 - vr) are needed
in order to explain the observed distribution in terms of direct

implantation of suprathermal protons (with onlv minor diffusion
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effects) as compared with the fluxes necessary to create a sufficient
density of traps; however, even these fluxes are almost an order of
magnitude lower than the events detected by Frank (1970). Thus,
further investigations are necessary in order to distinguish between
the possibilities implied by these results.

Although the shape of the H profiles between a few hundred
angstroms and 0.4 um deep, with the alternative interpretations
discussed above, is quite consistent; the absoulte H content in this
region shows a rather large sample-to-sample variation (Table 3).
The profile shapes are all consistent with the existence of a small
uniform volume concentration (averaging about 4O ppm H by weight),
underlying varying amounts of surface contamination and a "deep"
(0.05 = 0.4 pm) component, with a relatively well defined shape,
which has been attributed to implanted solar protons, Variations in
the absolute amount of this component must either bhe due to dif-
ferences in exposure time or differences in the implanted material,
Although we cannot rule out a short (possibly zero) exposure age
as an explanation for low H content in unpitted surfaces, the
cratering rate for rocks (10 - 100 pits with spall diameters > 1 mm
per cm? per million years) implies that any surface with an appre-
ciable number of visible pits ought to have reached an equilibrium
between the incident proton flux and the rate of loss of H by
diffusion and erosion, Thus, differences in the retention properties

of the lunar materials must account for the bulk of the observed

variation., Ilmenites have been found to retain solar wind rare
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gases much better than the silicate minerals, Glasses are more open
structures than crystallized minerals, and should, therefore, be
subject to larger diffusive losses. However, Ti-rich glass fragments
were found to retain rare gases better than silicate minerals, although
not nearly as well as ilmenite (Kirsten et 8l gy 1972). Most of the
glass samples analyzed in the present study are dark in color and

could prohably be classified as Ti-rich., However, the degree of
devitrification may well be important in determining the trapping
efficiency of a particular sample, Hence even the extremely fine
crystalline grains in a devitrified glass such as the 68815,27 matrix
material may provide large numbers of radiation damage traps that the
open structure of the actual glass would not., If this interpretation
is correct, the low "deep" (0.1 = 0.4 um) H contents of exposed splash
glasses, such as the coating on 15059,32, may be due to rapid quenching
resulting in an extremely low degree of crystallization. BSuch a
uniformly open structure may be incompatible with the formation of
traps by radiation damage.

The observed widths of the H distributions (about 0.2 um) in
samples such as 68815,27, the 10085 brown glass fragments, and
15413,5-2 are in good agreement with the chemical etching results of
Eberhardt et al., (1970) on ilmenite grains. These authors showed
that a 50 percent reduction in the content of each of the rare gas

hHe, EONe, 36Ar, 86Kr and 132Xe could be obtained by

isotopes
removing a surface layer 0,15 - 0,20 um thick by etching with HT'.

The observation that the depth of the distribution is essentially
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independent of the mass of the implanted atom is a strong argument
against any provosed redistribution mechanism which depends on normal
volume diffusion, since diffusion coefficients for rare gases are
quite sensitive to the atomic weight. A population of radiation
damage traps by all of the rare gases seems favorable.

An alternative origin for some of the "deep" (> 0.1 um)
hydrogen is that it is indigenous to the lunar sample rather than
being incorporated as a result of the lunar surface exposure of the
sample. This interpretation is particularly suggestive for the
64455 samples in which the "deep" H concentrations, although small,
are similar for the interior and exterior samples. On the other hand,
for 68815,27 the large difference in H content at 0,4 ym deep between
the interior and exterior samples strongly argues for a solar particle
origin for most of the H at this depth in the exterior sample. The
deep H in the Apollo 11 and 15 coarse fine samples appears to be more
like that of 68815, although here we do not have interior and exterior
samples for comparison, The possibility of H in interior samples
unrelated to the recent surface exposure of the rock can be tested by
bulk H analysis of interior samples,

Rock 6LL55 is regarded as a crystalline rock (Grieve and
Plant, 1973; Wilshire et al., 1973) although it is quite possible it
has been formed by metamorphism of a breccia. Consecuently if, orior
to metamorphism, the rock contained a component of surface irradiated
material, then it is possible that a fraction of the H from this

material has survived the heating and thus has been "inherited" bv
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ELh5S in its present form., High voltage electron microscope studies
(*acdourall et al., 1973; Hutcheon et al., 1972) have shown that
essentially all Apollo 14 breccias show evidence for such a pre-
irradiated component.

An intriguing alternative hypothesis is suggested by the
observations of rusty regions ("goethite'") around metal grains on a
thin section of an interior sample of 6L4S55 by Grieve and Plant (1973).
Similar observations have been made on other Apollo 16 rocks, notably
(6095 (Tavlor, 1973; El Gorsey et al., 1973). Orieve and Plant argue
that, because the rust was seen in the interior portion of the rock,
it is lunar in originj; however, it would appear difficult to rule
out the possibility that the rust formed during the thin-section
making vrocess, Ievertheless, our observation of the roughly uniform
deep Il concentrations in both interior and exterior samples of 6LLs55

are consistent with the conclusions of Grieve and Plant and the

hrypothesis of indigenous lunar "goethite," but do not establish a
lunar origin. The technigues employed in the present study are
potentially useful to the investigation of this problem, particularly
if an attempt is made to extend the measurements to greater depths on
interior samples, because I can be detected in the interior portions
of samples which are shielded from atmospheric exposure with a

sensitivity of v20 ppm.
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2. Depth distributions of F in lunar samples

The results of ¥ depth distribution measurements on Apollo 16
samples provide evidence for an enhanced F content within one micron
of the surface, compared to bulk values as measured by Jovanovic and
Reed (1973) on other Apollo 16 rocks (<50 ppm ¥) and soils
(50 = 100 ppm I'). The 19 content of one surface of the anorthosite
fragment 660LL .8 was nearly 2000 ppm in the outer 0,5 um and ~1400 ppn
in the underlying 0.5 um region. The I content of the opposite face
was less than half these values indicating that F distributions are
characterized by large local variations, F contents of L0OO - 1000 ppm
in the 0 = 0.5 um deep layer were found in three samples: glass chip
65315,6 glass spherule 68124,3, and rock chip 68815,27. Some of
these samples had received doses of 19r jons previously for the I
analysis,but the amounts of I observed are much larger than the
previous ion dose. In addition, the range of the 1T7=MeV 19 ions is
gbout 8 um (Northeliffe and Schilling, 1970) and it is extremely
doubtful that any appreciable amount of the implanted 19 could migrate
to within one micron of the surface.

The details of the distributions were highly variable from
sample to sample, with 68815,27 (Fig. 20) showing one of the most
striking profiles. In light of the surface potentials measured on
other samples using the 27Az(p,y)EBSi reaction, it appears quite
possible that charging of the sample by the proton beam could cause
a high enough surface potential to account for the observed peak as

a surface (zero-deoth) F concentration, The 8-kV surface potential
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necessarv to account for the apparent depth of the peak, assuming it
is actually at zero depth, is not unreasonable, However, the excel-
lent reproducibility of this distribution (data from two consecutive
energy scans are plotted together in Figure 20), requiring an
extremely stable surface potential ,makes this interpretation appear
somewhat unlikely. In spite of this reservation, charging seems to
be a slightly more probable explanation than any of the alternatives.

For the 68124 samples, the apparent depth of the peak F
content agrees reasonably well with the expected position of a surface
concentration due to the measured surface potentials of 8 and 10 kV
on the two 68124,3 surfaces and 14 kV on 68124,10-B, For 660LkL, 8-B,
only a small (A2 kV) surface potential was detected, but a narrow
neak was observed apvarently much closer to the surface than the
similar feature in 68815,27. Although the measured potentials do not
correspond as well to the apparent depths of the peak concentrations
for the 65315 samples, the discrepancies are not so great that surface
(zero-depth) concentrations can be ruled out,

The unresolved question of contamination makes it premature
to identify the observed I' contents in these samples as true lunar F
with absolute certainty although the large ¥ contents observed in
several sampnles beneath a fairly narrow peak near the surface are
nrobably real, It is interesting to note that three of the four
samples richest in F were from the sealed rock box (ALSRC) and that
the interior surface of one of these, 68815,27, showed relatively

large amounts of ¥, apparently due to contamination, Nevertheless,
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the T contents of interior rock surfaces are all less than 200 ppm,
so a lunar origin for much of the observed F in the exterior surfaces
does not appear unreasonable., Although the concentrations in the
outer 0.5 um of all the samples analyzed in this study are somewhat
lower than the Surveyor T fluorine levels, the value of 1900 ppm
(0.19%) for 6604L ,8-B is within the uncertainties of the Surveyor
measurements, Hence the results of this study are not incompatible
with the interpretation of the high ' contents measured in the
Surveyvor T soils as a real surface-=correlated lunar fluorine concen-—
tration., The contamination guestion will have to be answered more

definitely before firmer conclusions can be drawn,
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IV, OBSIDIAN HYDRATION PROFILES

Exposure of fresh surfaces of natural obsidian to ambient
water, either as ground moisture or atmospheric humidity, results in
a slow diffusion process with the eventual formation of a hydration
rind (Friedman and Smith, 1960). Microscopic examination of a thin-
section cut perpendicular to such a surface reveals a well-defined
band up to “20 wm in thickness, The thickness of this hydration
rind can be measured under the microscope with a resolution of
0,2 um and correlated with the age of a given surface if the
hydration rate is known. The hydration rate is believed to be
essentially independent of the relative humidity (above some
minimun value of a fraction of one percent). The temperature and
the chemical composition are observed to be much more important
rate controlling variables, Using radiocarbon dating techniques
as a calibration, a hydration rate is estimated for a given area,
where a single effective temperature and obsidian chemistry can be
assumed., The result is a relatively simple technique for archae-
ological dating of obsidian artifacts, since fresh surfaces are
exposed in the chipping process used by the artisan to fashion the
desired implement.

The lH(lgF,ay)l6O technique for depth analysis of hydrogen
represents a unique probe for the direct measurement of obsidian
hydration profiles, Results of such measurements on a variety of

obsidian samples are presented and discussed in this section,



-86-

A, Ixperimental Results

A number of obsidian samples with estimated (from known
exposure age) or optically measured hydration bands of < 2 um were
collected, along with several much older samples with thicker hydra-
tion layers. Samples were prepared by selecting a clean surface and

cutting or chipping a ] mem®

sample of exterior surface. The samples
were then degreased with trichloroethylene and rinsed in methanol
rrior to mounting in the scattering chamber.

Iirdration profile measurements were performed by first
collecting raw data in the form of y-ray counts per 3 uC of
1974+ vs. E,, the 19F bombarding energy, as described in Section II.
The counting rate Y(Eo) was related to water concentration with the
assumption that all of the detected H could be identified as "water."

The results of obsidian hydration profiles measured in this
manner are given in Table 5. Samples 1 - L4 had sufficiently narrow
hvdration layers that the entire hydration profile could be measured
without encountering the resonance at Ep, = 17.64 MeV, as shown in
Tigure 28 for samples 2 and 4, The hydration layer thicknesses
listed in Table 5 for these samples were obtained by subtracting
(in quadrature) the resonance width Fl from the measured energy-width
of the excitation function and converting the result to a depth using
the calculated stovpping vower, dE/d(px) (Appendix D), and the density
p = 2.4 g/em®. The H,0 content (in weight vercent) of the thin
hrdrated laver is calculated from the peak counting rate with a

correction for the finite width Fl of the resonance, i.e.



vhere W is the 1,0 content, Y.,y is the peak vield, and h is the
hydration layver thickness. (This exvression follows directlv from
the equations of Annendix A for the case of a distribution confined
to a thin laver.) These distributions were not nearly as labile
under irradiation with the l9F beam as the H distributions in lunar
samnles. Excellent reproducibility was found for repeated measure-
ments, ’

Samples 1-3 were hydrated artificially by heating freshly
exvosed surfaces of a single obsidian sample for neriods of 1,2 and
4 davs, resnectivelv, at 75°C in a humid atmosvhere (Friedman, 1073).
A progressive increase in the thickness of the hyvdration laver with
time is ohserved, in qualitativé agreement with the expected trend
of the hvdration layer thickness proportional to the square root of
the hydration time (Friedman and Smith, 1960), BSample 4 is a surface
with an exposure age of n10 years at normal tenperatures.,

Figure 29 illustrates the unfolding procedure described
in Section II for a sample with a hrdration layver ~v1.2 um thick
(sample 5). Data from an unhydrated obsidian sample (H2O content
uniformly 0.37%) were subtracted vpoint by point from the raw data for
the hvdrated sample to minimize the effects of heam-dependent
background above ~20 'MeV 19g energv. The profile was then unfolded as
described in Section II to leave only the contribution of the reso-

nance at ERl = 16,45 eV, These reduced data were then fitted with
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the calculated denth and water content scales, adding back the 0.3%
4,0 which was subtracted in a previous step. The result is the hy-
dration profile shown in Figure 29b. The same procedure was used to
obtain hydration profiles for samples 6 - 10, with two of these
nrofiles shown in igure 30, OSamples 5 - 10 have all hydrated
naturally and their hydration bands have all been measured by the
optical thin-section technique described previously, In general,

the hydration-band thicknesses measured in this way show good
agreement with the depth at which the HZO concentration gradient is

a maximum, 3Samples 6‘— 9 are artifacts collected from the same
archaeological stratum and thus are probably of the same approximate
age and have had the same temperature history. Consequently, differ-
ences in the hydration profiles may be controlled primarily by sample
to sample differences in chemical composition,

In addition to the samples listed in Table 5, several samples
with much greater exposure ages were also obtained., These samples
have hyvdration rinds much thicker than the 2-um limit of the present
measurement technique, but»the H20 content of the outer 2-um layer
should be representative of the final saturation HQO content for a
given sample. Table 6 lists the measured HEO content in these samples
and in freshly exposed surfaces from the same obsidian sample,

Using the resonance at a proton energy of 1,318 MeV in
the reaction 23Na(p,y)2hMg, we have also measured the sodium depth
distributions to a depth of "l um in two samples with hydration layers

less than 0,2 um thick (samples 1 and 4 of Table 5) and in ancient and
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fresh surfaces from the same obsidian source., This was done to check
a hypothesized ionic-exchange diffusion mechanism predicting a sodium
depletion in the hydrated laver (Bikerman, 1970). No significant
variation of Na content (typically ~37% Naeo) was detected; however,
the resolution was limited by counting statistics to a detection

threshold of about a ten percent variation in the Na content.

B, Discussion

The detailed hydration profiles measured by this technique
can be used to obtain information about the mechanism of water
diffusion into obsidian and the factors which influence hydration.
The general shape of the measured profiles agrees qualitatively with
the idealized profile suggested by Friedman et al., (1966), character-
ized by a saturated hydration plateau followed by a steep diffusion
front, rather than the more conventional exponential profile suggested
by Marshall (1961). However, the presence of a second step in some
of the hydration pfofiles (Fig, 30) suggests that more than one
mechanisin of water diffusion and binding may be important in the
hvdration process, The good general agreement between the optically
measured hydration band thickness and the depth at which the H0
concentration gradient is a maximum verifies the interpretation of
Triedman et al, (1966); with the border between the hydrated and
unhvdrated regions made visible in ordinary light due to a difference
in index of refraction between the hydrated and unhydrated region.

The bright anpearance of this border under crossed polarized light
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is due to stress birefringence at the point of maximum stress (due
to the change in volume associated with hydration), and it is not
surprising that this point should be correlated with the H20 concen=
tration gradient. It should be noted, in this regard, that H depth
distributions have also been measured for a number of tektite samples
.(vhich do not have visible hydration bands); and these distributions
were characterized by a gently-sloping exponential.diffusion profile,
rather than the steep diffusion fronts observed in hydrated obsidians,
lividence for the effects of chemical composition can be
found by inspection of the data in Table 6 and for samples 6 - 9 in
Table 5. A comparison of the HZO content of hydrated and unhydrated
samples from the same source shows a consistent correlation of the
final saturation level with the intrinsic HEO content, It is also
anparent from the data for a set of obsidian samples from the same
source, and presumably with the same exposure history, that the
saturation H,0 content and the thickness of the hydration layer are
weakly correlated (Table 5, samples 6 = 9), This suggests that the
chemical factors which control the saturation level also control the
rate of growth of the hydration rind.

Finally, a progressive increase in the thickness of the
artificially hydrated layer with the exposure time at T5°C is observed
(Table 5, samples 1 — 3)., The ability of this technique to resolve
and accurately measure such thin hydration layers as can be prepared
under controlled laboratory conditions on a reasonable time scale makes

this tvpe of experiment particularly promising. The investigation
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of the effects of chemical composition and temperature on the
hydration rate can be carried out under controlled conditions. The
contribution of such an investigation toward understanding the hy-
dration process could have great potential value in terms of the
establishment of a precise hydration rate for a particular set of
conditions. This rate could then be used to obtain a more accurate

date for obsidian artifacts than is currently possible,
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V. CONCLUSION

A, ILunar Sample and Obsidian Analyses

Despite the implicit ambiguity in the interpretation of
the origin of the H observed in lunar samples, the ln(l9F,uy)l60
depth analyvsis technique has been shown to provide a reasonably

accurate and reoroducible measurement of its distribution, limited

only by the mobility of the hydrogen under irradiastion with the
197 beam. Simply decreasing the beam current density will help to
control this problem, as has been demonstrated for one of the larger
glass-coated rock chips (15015,39~2). For smaller samples, significant
decrease in beam current density could only be achieved at a sacrifice
in counting rate, leading to large statistical uncertainties, unless
the ITaI(TL) detector can be placed closer to the irradiated sample.
This is not possible with the present scattering chamber, but has
been successfully done with a new ULV scattering chamber of an
irproved design., HNevertheless, the results of this study have pro-
vided an insight into the interaction of solar corpuscular radiation
with lunar materials which could not be obtained by more conventional
techniaues,

The potential usefulness of the lH(lQF,ay)IGO depth analvsis
technicue for the study of solid state diffusion processes involving
H has been demonstrated by the obsidian hydration profile measure=-
ments vperformed in this study. The reproducible profiles obtained

on a variety of obsidian samples have verified the correspondence
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bhetween the location of the stress birefringence line visible under
the microscore, and the depth at which the H concentration gradient
is a maximum, for hydration rinds up to 2 um thick. This technique
appears to be marticularly well suited to the measurement of very
thin (< 0.5 um) hvdration layvers where the order-of-magnitude
improvement in resolution over optical techniques can be used to
best advantage. An investigation of the dependence of the hydration
rate on chemical composition using obsidian samnles hyvdrated under
controlled conditions appears to be a particularly promising
avplication of this technique. The results of such a study would
be valuable in establishing the reliability of the age assigned to
an obhsidian artifact on the basis of the thickness of its hydration
rind.

The measurement of fluorine depth distributions using the
lQP(n,aY)lGO reaction has already been demonstrated (M8ller and
Starfelt, 1967). The apnlication of this technique to lunar samples
has been somewhat inconclusive due to the suggestion of significant
contamination and also due to the problems caused by charging of
the silicate samples with the ion beam, The zero-point of the depth
scale could be redefined based on the 27A2(p,Y)285i measurements, if
these measurements were performed with sufficient care to improve
the uncertainties in the surface-potential determinations. Iven
then, however, the large potential fluctuations apparent on several
samples would cause a significant degradation in the depth resolution.

The charging nroblem could be solved quite easily by depositing a
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thin conducting film onto the sample surfaces to be analyzed;
however, it is not clear that elimination of the uncertainties
causeq by sample charging would justify this destructive procedure,
dJevertheless, if further investigations are able to demonstrate that
contamination can account for only a small portion of the large F
contents observed in a l-um thick surface layer on several of the
lunar samples, the results of this study will have an unambiguous
internretation as true lunar F, providing possible evidence for

recent exhalations of volcanic gases from the moon.

B, Additional Applications of Nuclear Technicues for Depth-Sensitive

Analvsis

The l9F(p,ay)160 technique is also being used to determine
the I content of chondritic meteorite samples. The carbonaceous
chondrites are of special interest because their compositions are
presumed to reflect cosmic elemental abundances. Samples with
fresh surfaces were obtained by chipping from three carbonaceous
chondrites (Allendé, Erakot and Murchison), Preliminary results
on three samples of Allendé matrix material and two samples from
turchison indicate that a range of ~40 ppm to ~70 ppm F may be
applicable to both of these meteorites, The ' determination for
one Lrakot sample also fell in this rénge. These measurements are
significantly lower than most previous F determinations in carbo-
naceous chondrites, except for the 66 ppm determined by Reed (196L4)

in the carbonaceous chondrite Lancé, A more extensive data set
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must be obtained from a particular meteorite in order to establish
a value representative of the meteorite as a whole; however, the
sensitivity of this technique appears to be at least competitive
wvith the n-activation, y-activation and emission spectrography
technioues used previously (Reed, 1971).

Another application of resonant nuclear reaction technigues
takes advantage of their particular sensitivity to surface contami-
nation, using a variety of reactions to identify contaminants on
surfaces for which cleanliness is critical. A particular example
is a series of measurements performed on electroplated lead samples
in an effort to identify the source of residual RF losses in super-
conducting lead cavities being developed for a heavy ion accelerator.
In a previous study (Tombrello and Leich, 1971), the alpha particle
vield from the 0.2=MeV wide resonance in the reaction 160(3He,a)150
at 2,36 MeV(3He energy) was measured to determine the surface
concentration of 16O to be 3 x lOl6 cm_z. Subsequent measurements
have used the resonance in the reaction 120(d,py)l3c at a deuteron
energy of 1.4L6 MeV (Ajzenberg-Selove, 1970) to determine carbon
concentrations and have also included F and H determinations using
the lg?(p,aY)l6O reaction. The results for untreated lead samples

016 H/cm2 and 5 X 101> F/cmz. In each

show 5 X 1016 C/cmg, 2 X1
case the thickness of the contaminated layer was shown to be < 300 K.
Samples treated in a chelating agent (trade name Versene) show

decreases in the C and H concentrations by factors of 2 and 5

respectively, but F is increased by a factor of 2, A vacuum bakeout
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at 250°C, however, decreased the C, I, and T concentrations by
factors of 5, 10, and 100, respectively, suggesting that if dielectric
losses are a limiting factor in the performance of the superconducting
resonators, a vacuum-baked resonator should show a marked inprovement
in @ value compared to cavities that have not been baked, However,
the thickness of dielectric implied by these measurements is much
too small, even for the untreated samples, to account for the
observed losses (Dick, 1973).

Additional possibilities for the application of these
techniques are numerous, As an extention of our investigation of
depth distributions of implanted solar ions in lunar materials, the

reaction l“IIe(loB,n)lB

I looks particularly promising as a depth
analvsis probe for lie with a depth resolution of ~300 X. The H/He
ratio of 8 for lunar soils implies that neutron counting rates from

(lOB energy) (A)zenberg-Selove, 1970) will

the resonance at 3.T78 MeV
probably be an order of magnitude lower than the y-ray counting

rates from lu(l9F,ay)l6O on lunar samples, This may represent a seri-
ous limitation if the He distributions are mobilized by the ion
beam to the same extent as H, The best possibility for studying
implanted solar wind 12C involves the 12C(3He,n)lh0 reaction and

the detection of the delayed Yy rays following the B+ decay of the
residual 140 nucleus. (The lzc(d,py)l3c reaction discussed earlier

is not useful due to copious background from silicate targets.)

e lﬂ(lSN,av)lac reaction represents an alternative way

to measure I distributions. The estimated depth resolution using
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the resonance at (.39 MeV (L5 energy) (Ajzenberg-Selove, 1971)

is better than 100 & near the surface, and the maximum depth which
can be studied without interference from other resonances in the
lH(lSN,ay)lec reaction is about 3 pm, Hence, significant
improvements in resolution and depth range could be

obtained at an order-of-magnitude sacrifice in counting rate compared

lH(lgF.uY)16o.

to the present technique using
The importance of resonant nuclear reaction depth analysis
techniques for the investigation of sclid-state diffusion problems
has been demonstrated by our study of hydration profiles in obsidian,
Clearly, a more general class of solid-state diffusion, weathering

and corrosion problems involving chemical surface reactions can be

studied using similar techniques.
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APPENDIX

A, Devth-5ensitive Analysis with Charged Particle Induced Nuclear

Reactions

Consider the general case of a nuclear reaction A(a,b)B
involving compound nucleus formation with an entrance channel
consisting of a charged particle projectile a and a target nucleus
A, and an exit channel characterized by an emitted particle or
-quantum b and a residual nucleus B. Let the reaction cross section
be given by o(E) where E is the kinetic energy of the projectile a,
Suppose that nuclei A are distributed near the surface of a solid
medium with number density A(x) for a given depth x in the sample,
If the sample surface is irradiated with a beam of particles a of
energy E,, the gradual slowing down of the & ilons due to electronic
collisions, characterized by an energy dependent stopping power
[dE/dx] (a negative quantity) results in an ion energy at depth x'
given by

x!

E(x') = EO + [dE/dx]dx . (A-l)

(e}

(Normal incidence is assumed and energy straggling is neglected for
the moment,) Without loss of generality we may write the reaction

vield per incident particle a of energy Ej as
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Y(E,) =[ o(E(x")) A(x')ax' . (A.2)
o

Hence, the excitation function Y(E,) is, in a sense, a convolution
of the reaction cross section with the distribution function A(x).

Although it is possible, in principle, to unfold (or
deconvolute) the function A(x) from a measurement of the excitation
function Y(Eo) for a more general form of o(E), the process is
greatly simplified if the cross section is dominated by a single
resonance at energy ER' Then, following the treatment of Fowler,
Lauritsen, and Lauritsen (1948), the cross section is given by the

Breit=-Wigner dispersion equation,

re/
o(E) = op o ER)Z T2 (a.3)

where op = c(ER) is the cross section at the resonance energy and
T(<<ER) is the full-width of the resonance at half-maximum intensity
(FWHM). (The quantity op includes wavelength and barrier penetration
factors which need not be considered explicitly.) Since this form
of the cross section consists of a sharp spike at Eps the effect

of equation (A.2) for E_ > Ep is to pick out the value of A(xR)

where
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=]

N R F2 dx!
e A(XR)[ (E(x') = Bp)® + /L’ -
o

provided that A(x) varies slowly over distances of order I'/[-dE/dx]
near x,, i.e.,

dA by
dx

Tml << 1 (A.5)

|.l_
A

Substitution of egquation (A,l) in equation (A.4) and a change of

variables leads to

i wmog T A(XR) o) - E, - ER
Y(P‘O) = hr—d.E/dXTR [l + 'i' tan 1 (_oﬂe——)] . (A.G)

The subscript R on the stopping power factor means that it is to be

evaluated at ER. For beam energies sufficiently greater than ER’ Fally g

=

o~ Eg > I'/2, equation (A.6) reduces to

. . 1y
¥ ) = S8 Alxgy) . (A.7)

2|—dE7dx|R

ilence the function A(xR) is obtained directlv from the excitation

function Y(E,) using equation (A.T) and the relation
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In nractice, the stopping power may vary only slightly over the
range from the resonance energy up to the maximum beam energy EO,

so that a useful approximation is

xp = 7oed (A.8)
R 7 T-df/ax], .

The inequality A.5 is an expression of the finite depth
resolution (due to the resonance width T) associated with the
determination of the distribution A(x) from a measurement of the
excitation function Y(E,). Setting A(x) = constant x §(x-x') we
obtain an estimate of the resolution éx = 3 from the
half-width at half-maximum of the distribution inferred from measure-
ment of the excitation funétion as described above., The effects of
energy straggling and the finite energy width of the ion beam (both

of which have been neglected to this point) on the resolution can

be expressed by:

/r2 + (8E5)° + nQ(XR)I
X -

’ ol-dE/dx]

s (A.9)

vhere SEO is the TWHM spread in the beam energy and Q(XR) is the

FWHY energy straggling at depth Xy

B, Bpecial Procedures for Clean UHV Systems

Special technigues necessary to maintain the cleanliness

reaquired in UV systems include procedures applving to the assembly
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and oneration of such a system. ©Selection of materials is one of
the first considerations, since low vapor pressure materials must
be used exclusively. For this reason, the UHV scattering chamber
described in Section II of this thesis is constructed primarily of
tvpe 304 stainless steel with metal-to-metal seals using OFHC
copper gaskets, The target wheel, however, was machined from a
common aluminum alloy, and the electrical connections make use

of glass insulators, a sliding beryllium~copper alloy contact, a
copper wire with ceramic insulation, and a ceramic-sealed kovar
electrical feedthrough. All permanent joints are heliarc welded,
All parts must be chemically cleaned before assembly using
procedures described in various sources on vacuum technology (see,
for example, Espe, 1966), These procedures include a degreasing
step using an organic solvent such as trichloroethylene to dissolve
oils and grease, one or more acid baths to remove surface layers
which may be rich in adsorbed gases, a thorough deionized water
rinse to remove all traces of acid, and an ultrasonic rinse in
methanol or acetone, This sequence can be followed by drying with
a hot air blower, after which parts are placed in clean polyethylene
bags until all parts are prepared for assembly. Clean polyethvlene
gloves should be worn for the assembly as any fingerprints can act
as essentially infinite gas sources at ultrahigh vacuum. After
assembly, the entire system is baked at A300°C to drive adsorbed
gases from the vacuum system walls, This procedure is important

to minimize this major source of gas.
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The most important operational procedures are concerned with
orening the system to atmospheric pressure and the subsequent pumpdown.
The specific procedures are tailored to the particular system, but a
common objective is to minimize both the pumpdown time and the base
pressure. This is most effectively done by backfilling the system
with dry nitrogen gas and minimizing exposure to room atmosphere, For
the present system the procedure is as follows: A liquid nitrogen
tranped gas line is connected to the roughing line, evacuated, and
then filled with dry nitrogen to a pressure slightly above one
atmosphere., The metal sealed roughing valve is then opened allowing
drv H2 gas to fill the system, The viewing window is then removed
from the scattering chamber and the mouth of a polvethylene glove
bag is clamped to the resulting access port., The glove bag, containing
all of the necessary targets and tools, is allowed to igflate and flush
with dry N2 before new targets are exchanged with the old ones. When
this operation is completed, the glove bag is removed, the viewing port
is immediately replaced and sealed, and the N2 gas line is disconnected.
The svstem is then pumped down to a pressure of r\'1.0'2 Torr using the
molecular sieve sorption pump refrigerated with liquid nitrogen. The
ion pumn is started at this pressure, The titanium sublimation pump
is typically started at r“10"S Torr with a duty cycle decreasing from
1 at pressures above 10'6 Torr to less than 0,01 below 10-8 Torr.

Normally three or four days are needed to attain a vacuum of

~10™2 Torr.

Periodic bakeouts are helpful not only to maintain a clean
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vacuum system but also to remove surface contamination from target
samples. Baking to 300°C has been found to eliminate surface con-

taminants far more effectively than any other procedure,

C, Analyzed Standards and Detection Efficiency

The following samples with their analyses by weight percent
were used as standards to establish the conversion from counting rate
to absolute concentration:

1) Belvidere Mountain chlorite (Albee, 19T71): MgO (33.88),
§i0, (32.18), A%,04 (16.07), H,0 (14,64), FeO (1.38), plus minor
constituents (< 1% each) including Fey03, Ca0 and CO,.

2) Durango apatite (Young et al., 1969): Ca0O (5L.02), P,05
(L0,T8)s T (3:53)s RE2O3 (1.43), plus minor constituents (< 1%)
including C%, 803, $i05, and NayO,

3) CaFE: 300 ug/cm2 Cal'; deposited by vacuum evaporation
on a tantalum substrate,

The peak counting rate from a 300 ug/cm2 CaF, target due
to the 872 keV resonance in 19F(p,ay)t0 is calculated to be 5%
less than the counting rate from an infinitely thick target. Cor-
recting for this thickness effect, the measured counting rate can
be compared directly with the total thick target yield from Ca.F2
determined by Chao et al. (1950) to be 3.7 x 10~ per incident
proton., The result implies a detection efficiency n = 0.0230.

Using the relative stopping powers of Cal', and apatite, calculated

as in Appendix D, the counting rate measured from the apatite
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atandard results in a value for n of 0,0215, Using the chlorite

standard, a similar value for n is obtained. We take the mean of
these results to be the best estimate of the detection efficiency,

i.e. n = 0,022,

D. Calculation of Stopping Powers of Complex Substances

The stopving power of a compound Yan for a given energetic
ion can be calculated from the atomic stopping powers of the elements

Y and Z using Bragg's rule of additivity of atomic stopping cross
sections:

e(Y Zy) = ne(¥Y) + me(2), (D.1)

=L [SE| ana N is the number of atoms or molecules per unit

where €& =
i

volume. Since the stopping power data of Northcliffe (1963) and
Northcliffe and Schilling (1970) are in the form dE/d(ex), it is

convenient for purposes of calculation to rewrite equation D.,l as

(D.2)

6 Pl o) P
=, , -

Db n AY + m Ay

vhere AY and A7 are the atomic weights of Y and Z respectively.

Generalizing this expression to a sample with a complex composition,

we obtain



=106=

di _ . dE (D.3)
dipxj — }i i dzvaS : ¥ +3

i

where f, is the weight fraction of the ith element, [cl}?'_./d(px)]:.l is
the stopping vower for a pure subhstance of element i, and the
stopping vower for the varticular sample composition 1is obtained by
summing the product of these two auantities over all chemical
constituents of the sample,

A rood estimate to di/d(px) for a sample of complex compo-
sition can he made simplv by calculating the average atomic weight
and atomic number for the sample composition and finéing dE/d(px) by
interpolation using these average values (Schiétt, 1970). Tor
tvpical silicates, stopping powers obtained in this way differ bv
less than 5% from the calculations using equation D.3.

Using equation N.2 and stopping powers taken from Northcliffe
. (1963) and Northcliffe and Schilling (1970) the stopping powers of
a variety of lunar sample compositions for 16.5 MeV 19F ions were

2

~
found to varv from =8.T keV-cm“—ug'l to =9.3 keV-cm“ug l. The mean

ol =9.0 keV—cmEuug_l was taken as a reasonable estimate for all of
the lunar samples analyzed in this study. A value of -9.k ke\f—cmg—-‘ug"l
was found for unhydrated terrestrial obsidian, with the additional
H?O content in the hydrated region resulting in a stopping power of
2 -1 ; 2 -1
-9.6 keVecn“=pg . A stopping power of -0.21 keV-cm“—ug was

calculated for 0.872 MeV protons in lunar materials.

A relative uncertainty of about 5 percent should be



.

associated with the calculated stopping powers due primarily to
uncertainties in the stopping power data and interpolations used
to obtain the [dE/d(px)]i in equation D.3., Although 10 percent
deviations from Bragg's rule have been reported for 8102 (Thompson
and “Mackintosh, 1971), other studies indicate that deviations are

not larger than 2 percent for 5i0, or A£203 (Nicolet and Feng,

2
1973). Thus the possibility of deviations from Bragg's rule have

been disregarded for the purposes of this study,

L, Implantation of Interplanetary Ions in Lunar Samples

Since most implantation experiments in the laboratory
are performed with a monoenergetic beam at normal incidence and a
limited exposure, the resulting depth distributions of the implanted
ions are usually considered to represent a distribution in projected
range, This is not the case for lunar samples, where even neglecting
modifications due to diffusion, the distributions of implanted ions
are governed by the combined effects of an extended spectrum of
imrlantation energies, the angular distribution of the incident ions,
and the gradual erosion of sample surfaces. In the following, we
will consider these effects, assuming that diffusion plays a
negligible role so that all implanted ions are frozen into the solid
at the end of their range.

First, consider the case of a monoenergetic beam of protons
normally incident on a lunar sample with energy Eo and a corresponding

nrojected range R,. Neglecting range straggling and the effects of
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erosion, the resultant H distribution would be given by
Hy(x) = ¢,78(x - R,) - (E.)

where ¢, is the incident flux, 1 is the irradiation time, and x is
the depth in the sample. The effects of erosion can be accounted
for bv replacing x by x - v(t = to) where v is the erosion rate

(assumed constant) and t is the time extending from the beginning

of the irradiation at t = 0 to its termination at t = t_ . Inte-
grating over t gives
to
HN(X) = ¢CL[' §(x - Ry = v[it - to])dt,
o
hence,
() = 20u(x - R + o) - Ulx - R, (E.2)

vhere U(x) is the Heaviside step function. Assuming that the
irradiation time is long enough to erode a layer of thickness greater

than R, (i.e., t, > R,/v), an equilibrium (independent of t,) dis-

Lo]

tribution will result, given by

Hg(x) = 22 [U(x) - Ulx - R,]. (E.3)

Thus, the equilibrium distribution for a monoenergetic, normally
incident proton beam is a constant H content (= ¢0/v) extending
from the surface to the projected range RO. The effect of range
straggling on this distribution is to smooth out the drop from

the constant (¢o/v) content for x < R, to zero for x > R, by
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replacing U(x - RO) in equation £.3 by an error function:

X =- Ro

U(x = R.) »&|1 + erf
o]

% JZ o
where o is the range straggling parameter.,

Normal incidence for a sample from one of the Apollo sites
is a good approximation for ions reflected toward the moon from the
Farth's bowshock. For ions incident from a solar direction, however,
the rotation of the moon results in the equivalent of isotropic
incidence in a half-plane, Once again neglecting range straggling
and erosion, the resultant H distribution would be

biA

2
H()—(P—O 8 6
gl®) = 5T (x - B, cos9)dé ,

— L
2

vhere 6 is the angle of incidence measured from the normal., Inte-

grating gives

Hg(x) = i [u(x) - U(x = R ], (E.L)

and including erosion in the same manner as above results in

i (x) = 2o [1 - £ sin'l(L)] [U(x) - U(x - Ro)] : (E.5)
5 v T R

(o]
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For completeness, we also consider the opposite extreme
from normal incidence, that of an isotropic angular distribution
in three dimensions., We take ¢o to be the proton flux per uw

steradians at energy Eo. leglecting straggling and erosion,

JL
2
H (x) = %o T §(x - R_ cosO) sin® doO
i > o
o
which results in
¢o T
dI(x) = EE:—'[U(x) = TLE = Ro)]. (E.6)

With erosion, this leads finally to the equilibrium distribution

i (x) = ;3 (1 -5 (o) - ulx - R)1 (£.7)
The equilibrium distributions resulting from these
conditions (neglecting range straggling) are plotted in Figure 25
for comparison, It should be noted that the shape of the equilibrium
distribution for monoenergetic protons incident from a solar
direction (Hs(x)) is intermediate between the corresponding distri-
butions for normal (%-HN(x)) and isotropic (HI(x)) incidence,
To treat an extended spectrum of energies, one has only
to select the appropriate source function and replace R, by a range-

energy relation R(E) and ¢O by (d¢.dE) and integrate over the
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spectrum of incident energies, Hence the H distribution H(x) would

be given by

H(x) = fP(x,E) %—%dﬁ: (E.8)
o
where
1/v
P(x,E) = [U(x) - U(x - R(E))] ¢ [1 - % sin‘l(ﬁ-ﬂ)}/m (E.9)

1 - E%EY 1/2v

for normal, solar angle, and isotropic incidence respectively.

The effects of straggling complicate the mathematics considerably,
but if a gaussian range distribution defined by the straggling
parameter o(E) is assumed, analytical expressions can be derived
for P(x,E) for both normal and isotropic incidence. For normal

incidence,

x) < 2 [ o err (2B =x )] . (3.10)
J_«?-‘ o(E)

Tor isotropic incidence the expression is considerably more compli-

cated and is not given here,
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F. Lunar Sample Inventory

Following is a list of all lunar samples allocated for

this study:

10085,1: One brown glass fragment with 2-mm x 1l.5-mm analyzed

surface characterized by rough texture and small pits,

10085,31: Two brown glass fragments, 10085,31-9 appears to be a
chip from a %-- cm glass spherule., The analyzed surface
is a 2.5-mm diametér convex surface of shiny glass,
10085,31-12 was an angular fragment A3-mm x S-mm which

broke into two pieces subsequent to the analysis of a

3.2-mm, shiny, slightly concave surface,

15083,2: One 1,5-mm x l1.5-mm white crystalline grain (probably
plagioclase) which broke into two pieces onr mounting and

was not analyzed.

15413,5: Two semples, 15413,5-2 is & 2-mm x L-mm partially
glazed pyroxene-rich crystalline rock fragment. The
analyzed surface contained an area ~l-mm x 3=-mm rich in
nyroxene. 15413,5-5 is a highly fractured 1,5-mm x 2,5-mm

fragment which appeared to be essentially all plagioclase.

15533,k4: One 3-mm x 2,5-mm glass coated breccia fragment,



15015,39:

15059128:

15059,32:

64L55,24:

6LU55,33:

65315,6:
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Two surface glass chips from the unpitted lunar bottom

of rock 15015, a glass coated breccia. The glass surfaces
are 5 rm x 4 mm for 15015,39-1 and 7T mm x T mm for
15015,39-2, The analyzed interior surfaces are dark

matrix breccia,

One surface glass chip from the unpitted lunar bottom of
rock 15059, a glass coated breccia similar to 15015, A
5-mm x 6-mm glass coated ares was obtained for analysis
by breaking the original 15059,28 sample into two rqughly

equal pieces,

One surface glass chip from the lightly pitted lunar top
of rock 15059, The L4-mm x &-mm glass coated area was

analyzed,

One surface glass chip from rock 6LL55, Exterior surface
is l-cm x l-cm smooth black glass, Interior surface is

light colored rock.

Two light colored anorthositic rock surface chips, 0.38

grams total weight,

Three black surface glass chips from rock 65315, only
one analyzed, Exterior 1l2-mm x T-mm surface contained
two possible impact pits visible to the naked eyve.

Interior surface is mostly white anorthosite with some



65315,T:

65315,8:

65315,20:

GGEOLL 8

60124 ,3:

-, iy

patches of black glass. The l-mm thick glass cracked
in its mount, but the pieces stayed together for exterior
surface analysis. Interior surfaces of two of the three

pieces were analvzed separately.

One large (13-mm x 16-mm) rounded surface anorthosite

chip not mounted for analysis because of large size.

One large (10-mm x 10-mm x T-mm), blocky surface
anorthosite chip. The surface analvzed is a clear white
interior surface, The sample was too large to mount for

analvsis of the exterior surface,

Two black surface glass chips, only one (5 x L4 mm)
analyzed, showing some white anorthcsite on both interior

and exterior surfaces,

One 3-mm x 5-mm blocky light-colored anorthosite fragment
returned in sealed rock box., ©Surface A contains one gray
area which mav be glass, while Burface B is essentially

all anorthosite.

One 5-mm dark brown glass spherule (v0.2 gram) returned
in sealed rock box, Surface B has a few small pits, but

Surface A is smooth and shiny.



(8124 ,10:

68815,27:
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One T-mm x 5-mm white anorthosite [ragment with trans-
lucent areas which may be single feldspar crystals, This

sample was also returned in the sealed rock box,

One l-cm x T=cm surface breccia chip from rock 68815
returned in sealed rock box. The exterior surface con-
tains a light-colored but inhomogeneous region about
1.5-mm x 4-mm surrounded by dark matrix material, The

interior surface is similar dark matrix material.
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TABLE 2
Element Reaction Eg y=-ray Energy Sensitivity
Analyzed Used (MeV) (MeV) (x10-13)

it Li(19r,ay)*0  16.45 6.1, 6.9, T.1 51

P 19r(p,ay) 60 0.872 6.1, 6.9, T.1 6.5

AL 2Tas(p,v)28s1  0.992  10.8 0.01

Resonant nuclear reactions used for analysis of H, F, Na and AL are
given along with the incident ion energy and the energy of the principal
characteristic y-ray reaction products. In addition, the reaction
sensitivity, defined as the thick target yield per incident ion for a
ouartz target containing 1 ppm by weight of the particular target atoms,

is also given for each reaction (see text, page 22),



w15l

TABLE 3

Hydrogen devth profile data summary. The "surface" H concen-
trations pertain to observed peaks within 300 R of the surface,
The total H content of the 0-0.4 um deep measured region,
expressed as a surface density, does not include the amounts
identified as "surface" H, so the total H observed is the sum of
the values in the first two columns, The H content, expressed
in ppm H by weight (100 ppm is equivalent to 1,55 x 1020 g

3 assuming a nominal density of 2.6 g/cm3), is also

atoms/cm
given for depths of 0,1 um and 0,4 ym, The profiles are charac-
terized by the depth xp at which the peak H content 1s observed
and the full-width at half-maximum (FWHM) of the distribution.
(The apparent broadening due to the resonance width rq has been
removed in the calculation of the latter quantity.) The size of
the fused silica collimator used with each target is also listed.
The fraction of the beam hitting the sample is estimated as

0.6 t+ ,2 for the 2,0-mm size, 0.8 * ,2 for the 2.h-mm size,

+ ?2 for the 3.2-mm size, and 1,0 for the 4,5-mm size and

1.0

the samples without collimators, Uncertainties in the H concen-
s P . 15, @

tration are * 10% with lower limits of * 0,5 x 10-7/em™ and

t 20 ppm (see text, Section III, Part A).
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TABLE 3

H content

Sample - Surface 0-0, bum at x=0,luym at x=0,4um

(x1015em=2)  (x1015cm=2) (ppm) (ppm)
10085,1 <2 19 370 120
10085 ,31-92 <0.5 9 160 80
10085,31-12% <3 55 1500 300
15415, 5.2% <1 1T 400 80
15413,5-5 <0,5 L T0 30
15533, 4-1 0.5 5 80 €0
15015,39-1 210 2 100 20
15015,39-1(int,) 2 3 50 L0
15015,30-2 2 2 30 30
15015,39-2(int.) 2 3 Lo Lo
15059,208 L 3.5 TO 50
15059,32 L 5 120 Lo
GhlLss 2k 3 3 90 30
6hl55,2h (int . ) | 2.5 Lo 30
fhl55,33-1 6 3 100 50
Ghls55,33-1(int. ) h 2,5 50 30
Ghlh55,33=2 3 2.5 60 30
6WL55,33-2(int.) 2 25 L0 30
(5315,6* 0.5 5 100 Lo
65315,6(int. )*P 1.5 2 10 30
A5315,8(int, )* 0.5 1 10 0
(5315 ,20% Yo 5 7 150 10
65315,20(int, )* 3 3 80 30
(GO  B-n* 0:5 5 90 50
C6okh,8-3 2 6 100 <100
G012k ,3-n% 1 2 30 10
5812k, 3-R il 2 30 10
812k ,10-A% <0.5 3 60 30
66124 ,10-B 1 3 60 30
68815,27 "3 23 500 150
68815,27(int.) Ly 5 1 30 20




TABLE 3 (continued)

Xp M Collimator Sample
(um) (um) size (rm)
0,09 ¢ ,03 0:2T7 * 07 2.0 10085,1
0,13 ¢ ,05 0.22 + ,10 2.4 10085,31-9
0,11 ¢+ ,02 0.22 ¢t ,03 92 10085,31-12
0.09 £ ,03 0.20 ¢ ,0h 2.4 15413,5-2
0.07 * .03 0,20 ¢ ,05 26 15413,5=5
"0, 1 >0, b 2.4 15533,4-1
<0,02 <0,08 15015,39-1
<0.02 <0,05 15015,39-1(int,
<0,02 G,04 = ,02 15015,39-2
<0.02 <0+ 05 15015,39-2(int,
€0, 02 0,02 + ,02 15059,28
<0.03 0,03 * ,03 3,29 15059,32
<0,02 <0,05 6uL55, 2L
<0.02 <0.05 64455,24(int. )
<0,02 0.05 + .03 6L4L455,33-1
<0,02 <0, D5 64455,33-1(int,
<0.03 <0,05 6LL455,33=-2
<0,.03 <0,05 6LL55,33-2(int,
Ddl = .05 Q.22 # ,05 65315,6
<0,03 <0.05 65315,6{int, )
<0.03 <0,05 65315,8(int.)
<0,05 015 + .05 65315,20
<0,03 0.08 ¢ ,0L 65315,20(int, )
<0,05 0.15 ¢ ,03 3.8° 6604k ,8-A
<0.03 >0,k 3.2 66044 ,3-B
<0.,03 <0.05 L.5 68124, 3-A
<0,03 <0,05 L5 68124 ,3-B
<0.05 >0.b 68124 ,10-4
<0,05 0.12 £ ,05 68124 ,10-B
0.03 ¢ ,02 0,18 = ,02 68815,27
<0,02 <0,05 68815,27(int.)
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TABLE 3 (continued)

S

" distribution measured prior to H distribution,
a Ultrasonic rinse in high-purity acetone prior to analysis,
b Values given are averages of measurements on two separate pieces
of this sample,
¢ Collimator material is pyrex rather than fused silica., The small H

content of the pyrex may contribute to the measured H for these

samples,

int.: interior
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TABLE 6

Ho0 Content (percent by weight)

Source Intrinsic liydrated
Bodie Hills, California 0.21 + 0k 2,31 + ,20
Coso, California 0.23 ¢ ,07 2.68 + ,25
Borax Lake, California 0,35 * (09 3.32 * .32
East Dago Valley, California 0.66% 06 RUT & 23

*¥Mean of three samples from same source, Individual analvses were
0.60, 0.69, and 0,70% HEO.

Measurement of HZO content are given for hydrated and unhyvdrated
samples from each of four California obsidian sources. Quoted
uncertainties reflect random errors in the measurements but do not
include a possible systematic error (of up to 5%) introduced by the
estimates of detection efficiency and stopping power (see text,

page 88).
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FIGURE L4

The y-ray vield versus bombarding energy for an implanted fused
silica sample and for an identical non-implanted (blank) sample.
The energy scale shows the resonance energy FEp subtracted from the
19F beam energy E. A calculated depth scale is also shown.

Error bars show statistical uncertainties., (See text, page 19.)
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FIGURE 5

Implantation profile for fused silica sample implanted with
Vv12-keV protons. Experimental points were obtained bv sub-
tracting the data for the blank from the data for the implanted

sample shown in Figure 4. (See text, page 19)
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FIGURE 6

Depth resolution as a function of depth for F, Na, and Af in

quartz. The resolution curve for each of these elements is in-
dicated by the reaction used in the depth analysis measurement
for that element (see text, page 22), The depth resolution for

H (Figure 1) is also shown for comparison.
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FIGURE T

Hydrogen concentration versus depth for lunar glass sample
10085,31-12. The top scale is the difference between the 19F
beam energy, E, and the resonance energy ER’ The right=hand
scale indicates the y-ray counting rate. Data points for this
figure and those following are number of counts with their
associated statistical (lo) uncertainties plotted against 19F
beam energy. Hydrogen concentration and depth scales are cal-
culated using a nominal density of 2.6 g/cm3. The zero point of
the hydrogen concentration scale corresponds to the background
counting rate, indicated by the displacement of the zero point
from the bottom border of the graph. The conversion factors used
to obtain the calculated scales are uncertain by about 10% due
mainly to the uncertainty in the electronic stopping power of
the lunar material for l9F ions. Open squares are data from the
third measurement of the distribution. Uncertainties are com-
parable to those on the data points for the original measurement,
but error bars are omitted for clarity. "First run" data were
taken in 50-keV steps from below the resonance energy to about
1-MeV above the resonance., "Third run" data were taken in the

reverse order, (See text, page 28,)
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FIGURE &

Hvdrogen concentration versus depth for lunar glass fragment
10085,1. "First run" deta were taken in 200-keV steps decreasing
in energy (depth). "Second run" data (connected by straight
lines) were taken in the reverse order., The H concentration is
expressed in terms of ppm by weight as welllas in atoms/cmB.
These scales have been calculated assuming the fraction of the
beam hitting the sample was 0.6 with the remainder striking the

2.0=mm aperture fused silica collimator and, consequently, are

uncertain by about 20%. (See text, page 30.)
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FIGURE 9

Hydrogen concentration versus depth for pyroxene-rich lunar rock
fragment 15413,5-2, "Tirst run" data were taken in steps
decreasing in energy (deoth). '"Second run" data (connected by
straight lines) were taken in the opposite direction. The
fraction of the beam striking the 2.4-mm aperture fused silica
collimator was estimated at 0.2 in the calculation of the Ii

concentration scales (with a 207 uncertainty). (See text,

page 31,)
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FIGURE 10

Hvdrogen concentration versus depth for glass-coated lunar rock
chip 15015,39=1. This sample comes from the lunar bottom of
rock 15015. The counting rate for the initial data point (taken
at the resonance energy, corresponding to zero depth) was a
factor of 2 too high to be included in the figure, "7irst run"
data are in increasing energy (depth) steps, with the direction

reversed for the "second run" data, (See text, nage 36.)
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FIGURE 11

Hydrogen concentration versus depth for glass-coated lunar rock
chip 15015,39-2, from the lunar bottom of rock 15015, "First run"
data were taken in increasing energy (depth) steps with the
direction reversed for the "second run" data. (See text,

page 36.)
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FIGURE 12

Hydrogen concentration versus depth for glass-coated lunar rock
chips 15059,32 and 15059,28, from the lunar top and bottom

of rock 15059, respectively. The initial data point for each
sample (taken at the resonance energy, corresponding to zero
depth) was too large, by almost a factor of 2, to be included

in the figure. The same energy was repeated for the second data
point, with increasing energy (depth) steps for subsequent "first
run" data on each sample. '"Second run" data are in steps of

decreasing energy (depth). (See text, page 37.)
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FIGURE 13

Hvdrogen concentration versus depth for feldspar-rich lunar rock
chip 6L4455,33-1, lunar exterior and interior surfaces. Lrror bars
on the "interior surface" data are omitted for clarity, but are of
the same size as for the "exterior surface" data, Straight lines
have been drawn to connect the "second run" data>and the last
three points from the "first run" for the exterior surface, The
dotted curve shows the calculated appearance (including back-

ground) of a stable H,.0 monolayer (~9 A2 per molecule corre-

2
sponding to 2 x 1015 1 atoms/cme) on the surface of the sample.
The width of the peak at zero depth reflects the resclution of

(o]
this technique. The curve rises at depths greater than 4000 A

due to counts from the resonance at 17.64-MeV 19 energy. (See

text, page Ll.)
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FIGLRE 1L

Hydrogen concentration versus depth for glass-coated lunar rock
chip GhU55,24 and feldspar-rict lunar rock chip GLL55,33-0, Nuta
from "interior surfaces'" are also plotted for both samples, with
error bars omitted for clarity. The calculated appearance of a
stable H20 monolayer is again included for comparison. (See

text, page Ll.)
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FIGLRE 18

Hydrogen concentration versus depth for lunar breccia chip
68815,27. Data from an intericr surface of the same chip are
also plotted with error bars onitted for clarity. The first two
data points (taken at the resorance energy, corresnmonding to zero
depth) for each surface show a comparable decrease in counting
rate. Subsequent "first run" jyoints are in increasing energy
(depth) steps, with the direction reversed for "second run" data.

(See text, page 49.)
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FIGURE 19

Curves drawn through each of three consecutive data sets (runs)
for the 68815,27 hydrogen depth distribution (Figure 18) show

the evolution of the profile due to irradiation with the 19p beamn,
Straight lines have been drawn connecting the data points except
near the peak, where a somewhat arbitrary curve has been drawn

as an estimate of its shape for each run. The dash-dot curve
connects data for the interior surface, with the vertical dash-
dot line at zero depth connecting the three data voints taken at
the resonance energy, each having a successively lower vield,

(See text, vpage 49.)
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Fluorine concentration versus depth for breccia chip 68815,27,
both lunar exterior and interior surfaces. Zach curve is drawn
through two consecutive runs, showing the excellent reproduc-
ibilitv of these measurements, The dotted curve represents the
data for the hvdrogen concentration on the same samnle multiplied
by 1/10 and plotted on the same denth scale for comparison., The
difference between the proton beam energyv E and the resonance
energy Ep (= 872 keV) is shown on the top scale. The fluorine
content is also expressed in ppm on the right-hand scale. Only

sample error bars are shown. (See text, page 52.)
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FIGURE 22

BTAﬂ,(p,y)28Si measurements on lunar samples, This composite
figure shows data for 1ll-MeV y-ray counts per 6 uC of incident
protons versus proton energy near the 992-keV resonance (indi-
cated by the solid line at ER) for six lunar sample surfaces,
The estimated shape of the step (due to a presumably uniform
aluminum content in a particular sample) is shown for each
sample as a solid curve, with an arrow drawn to the center of
the step indicating the magnitude of the shift in energy from
ER' The implied average surface potential is given for each
sample, The more gentle slopes (e.g. 68124,3) probably indicate
large (a few keV) fluctuations about the average potential,
while the steeper slopes (e.g. 65315,6) may be largely due to

the spread in energy of the proton beam. (See text, page Sk,)
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FIGURE 24

Fused silica simulation experiment results, Data showvm are
representative of a set of samples subjected first to radiation
damage and H20 exposure tests., Two of the samples were damaged

16

bv irradiating them with 86-keV ~ 0" ions for 4 hours to a total

7

dose of 1.Lh x lOl ions/cme. One of these (solid circles) was
subsequently exposed to HEO in both liguid (submerged in distilled
water for 24 hr) and vapor (laboratory atmosphere for one week)
form, while the other (solid triangles) was exposed only to dry

N, gas for 2 hr, A third sample (oven cirecles) was not radi-

2
ation damaged but was given the same H20 exposure as the first
sample, Only sample error bars are shown on the data points
obtained during the subseaquent H analysis, performed to determine
the extent of HEO penetration, The solid curve represents

typical results for a clean fused silica sample with a normal

(for this batch) H content of ~20 ppm. (See text, nage 57.)
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FIGURL 26

"Suprathermal" proton flux spectrum d¢/dE versus proton energyv E,
Data points with associated error bars are taken from satellite
observations reported by Frank (1970). A spectrunm adjusted to
give a rough fit to the observed H distribution in €8815,27,
assuming an atomic erosion rate of 0,5 K/yr, 1s indicated by the

solid lines. (See text, page Th.)



d¢/dE (protons-cm-z-sec-l_kev-|)

=185~

I | ) | L L L L I 1 1 T T T T 77 I
"SUPRATHERMAL" PROTONS
105%—w _
. O .
s L _
—- O o
. £ .
= + ‘
. 3
<
= -
(@)
wn
0% i -
5 ]
|03 | | 1 | I VI ! l | | | | I | |
10 10 100

PROTON ENERGY (keV)

FIGURE 26



-136<

FIGURE 27

Implantation of solar protons in lunar samples, The data points
are from sample 68815,27 (Figure 18), The solid curve is the
distribution resulting from the flux spectrum indicated by the
solid lines in Figure 26, assuming an atomic erosion rate of

0.5 K/yr, and calculated using equations E.8 and E.9 of Apvendix
E. The spectrum was chosen to give a rough fit to the data, using
a proton range-energy relation derived from Schidtt (1966) and
neglecting range straggling and diffusion. The dashed curve
indicates the limit of penetration of the present-day solar wind,
including the effects of range straggling. With no diffusive
losses, the peak I content at the surface would be greater than

3

lO2 H atoms/cm3 -~ more than two orders of magnitude higher than
the observed H content near the surface of sample 68815,27. (See

text, page T5.)
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FIGURE 28

Data from two obsidian samples with thin hydration lavers.
Sample 2 (a) was artificially hydrated at 75°C for 2 davs.
Sample 4 (b) was hydrated in a normal laboratory environment
(room temperature) for 10 vears. Data are y-ray counts ner

3 uC of lth+ plotted against the incident 19F ion energyv EO.
The depth scale is calculated from the stomrping power of the
obsidian for 19F ions, with the zero point corresmnonding to the
resonance energy (16,45 MeV), The data imply neak 50 contents
of 2% by weight, with hydration layer thicknesses of 0,11 um
and 0,19 um for samples 2 and 4, respectively. (See text,

page 86,)
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FIGURE 29

Unfolding procedure for obsidian sample number 5, In (a) raw
data are plotted for sample 5 and for a freshly exposed, unhy-
drated interior sample (0.3% HEO)‘ The hydration profile in (b)
is obtained by subtracting the counting rate for the unhyvdrated
sample (dashed curve) from the data for sample 5 at each energy,
and then performing the unfolding procedure described in the text
(Section II, Part A) in vhich the y-ray counts due to the reso-
nance at 17.6L4 MeV are subtracted, leaving only the vield due to
the resonance at 16,45 MeV, The resulting reduced data are then
fitted with an HEO content scale (the 0,3% H20 is added back in
the placement of the zero point of this scale) and a depth scale
using the calculated stopping power of obsidian for 19 ions,

(See text, page 8T.)
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FIGURE 30

Hydration profiles for obsidian samples O (a) and 7T (b)., These
profiles were obtained in the same manner as shown in Figure 29
for sample 5. IError bars are not shown, but are of coumparable

magnitude to those in Figure 29 (b) (lo statistical uncertainties).
Samples T and 9 both appear to have two plateau levels in their

hydration nrofiles. (See text, vage 08.)
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