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The stopping of 1-2-MeV a particles in five solid oxides, MgO, A1,O„Si02,a-Fe203, and Fe304, has
been investigated by measuring the ratios of the elastically-back-scattered-particle yields from two-layered
metal-oxide and metal-metal targets. By applying a self-consistent analytical procedure, it is
demonstrated that within the 2% sensitivity of the experiment, there is a unique set of five elemental

stopping cross sections that is applicable to the pure metals and their oxides. &hen the effective

stopping cross section of oxygen in these solid oxides is calculated using the reported Mg, Al, Si, and
Fe stopping cross sections, the resulting values are systematically (6-22)% lower than the value

reported for gaseous 0,.

I. INTRODUCTION II. ANALYSIS

In their early investigations on the ranges of
natural n particles, Bragg and IGeeman found that
the stopping power of a compound is approximately
given by a linear combination of the stopping
powers of the constituent elements. ' This assump-
tion has been particularly mell-tested for natural
0-particle ranges in mater and organic compounds.
More recently, the Baylor group has studied the
energy loss of 0.3-2.0-MeV 'He in several gaseous
compounds. ' ~ Their measurements have revealed
both a possible physical-state effect in the stopping
cross section of carbon' and chemical binding
effects in various hydrocarbon gases. s However,
their measurements on several fluorocarbons
shomed no evidence of any physical-state effects. '

Despite the prevalence of solid targets and the
increased use of nuclear techniques for solid-state
investigations, ' there exist few reports of tests
of Bragg's rule in solids. In one case, Thompson
and Mackintosh reported deviations of up to 10
in Bio,.' %e have previously described a self-
consistent method for testing Bragg's rule in
binary alloys in which mixing between the tmo
normally solid elements is easily induced, and we
found that within 1% Bragg's rule correctly pre-
dicted the energy loss in mixed metal films from
300 keV to 2 MeV. '

%'e now report the results of combining the meth-
ods proposed by Feng el al. s and Baglin et al.o to
produce a test that is applicable to stoiehiometrie
solid compounds in which one of the components
is not normally a solid. %'e have applied this to
the specific example of 1-2-MeV 'He in stoichio-
metrie binary oxides. This was chosen as repre-
sentative of an important class of materials that
is amenable to study by ion back scattering.

Stopping-power additivity, or Bragg's rule, is
given by the formula

o~l[e]~
le &a/[&]e ' (2)

where 1'„is the back-scattering yield due to ele-
ment A, e„is its scattering cross section, and

[e]„"is the stopping cross-section factor of ele-
ment A.' Corrections to this expression are in-
significant in all our present measurements and
have not been included. '

The [e] factor is defined by

[el'= * e ls. +
I|. 1

[cos8 (
' s~ [cos8,„,(

where [e]", is the [e] factor for scattering from a

g =PS6g + PgCg )

where e„and ~~ are the atomic stopping cross sec-
tions in elements A and 8, respectively, and

e„+is the molecular stopping cross section in
a compound with the chemical formula A 8„.The
direct test of the validity of Bragg's rule is per-
formed by comparing the molecular and atomic
stopping cross sections.

%e demonstrate here that the assumption of
linear additivity in solids can be examined without
reference to the absolute stopping cross section
of any element by performing relative measure-
ments. This ensures that the potentially large
systematic errors exactly cancel.

%e have measured the ratios of the yields of
particles elastically back scattered from the inter-
faces of two-layered targets. For the case of a
layer of element A and a layer of element B, this
ratio is given by
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nucleus of type x in an energy-loss medium Y.
~,„and 6,„,are the incoming and outgoing angles
with respect to the normal to the plane of the
target and e, (s is the stopping cross section of the
stopping medium evaluated at energy E. K, is the
kinematic factor relating the particle energies
before and after elastic scattering from x and is
given by the equation

m cos 8 + (M'-m' sin'8)'"
yn+M

where m is the mass of the projectile, M is the
mass of the scattering center, and 8 is the labor-
atory scattering angle.

For the case of a layer of element A and a layer
of the compound A 8„,it follows from Eg. (2)
that the ratio of the yields of the A signals from
the interface is

l'~@ mc„/[e]„,
„

(1/m)[e]„" e

[e]A

Because the [e] factor is a linear combination of
the stopping powers at two energies, and since
Bragg's rule is also a linear relationship, it
follows that the ratio of the yields can also be ex-
pressed as

where = indicates that Bragg's rule has been
assumed. The ratio of the [e] factors for A and 8
can now be calculated from the ratio of the A
signals using

[e]A

lf (&(r. )/(& s „,) is known for A and for 8, the
ratio of the [e] factors can be converted to the
ratio of the stopping cross sections eA/es by using
Eq. (3). This calculation assumes only that the
energy dependence of the elemental stopping cross
sections can be precisely determined without
knowing the absolute value. The ratio eA/es at
the incoming particle energy can thus be deter-
mined from the ratio of the scattering yields from
A and A„B„.

The ratio of the [e] factors can also be deter-
mined by a direct comparison of scattering yields
from layers of pure A and pure B according to

%'hen using this equation, we have assumed that

the scattering cross sections are exactly given by
the laboratory-frame Rutherford cross section
formula. "

The straight-forward application of this relative
test for Bragg's rule requires only two measure-
ments. The ratio eA/ee as determined from a
comparison of pure A. with pure B must be the
same as the ratio determined by comparing pure
A withA 8„.If these two ratios are not the
same, the assumption of Bragg additivity cannot
be valid.

It is difficult to measure the yield ratios nec-
essary to apply Eq. (8) when one of the elements
is normally a gas. However, this procedure can
readily be used to compare the contributions of a
gaseous element to the stopping in several of its
solid compounds. Bragg's rule then requires that
this contribution must be the same in all of the
compounds.

As applied to our specific examples, consisting
of Mg, Al, Si, Fe, and their oxides, a deter-
mination of the four stopping-cross-section ratios
for Al-Mg, Al-Si, Al-Fe, and Al-0 are sufficient
to determine the allowed stopping-cross-section
ratios for all other combinations. The Al-Mg,
Al-Si, and Al-Fe ratios would, of course, be
determined from samples of the pure metals,
while the Al-0 ratios would, of necessity, be
determined from the Al-Al, ~ yield ratio. The
test of Bragg's rule then consists of measuring
the Mg-0, Si-0, and Fe-0 stopping-cross-section
ratios from samples of MgO, SiO„Fe,O„and
Fe,04. If Bragg's rule is valid, these ratios must
be consistent with the first four ratios.

This example constitutes a system of five un-
known quantities, the absolute stopping cross sec-
tions of the five elements. It is reduced to four
unknowns by introducing relative stopping cross
sections. There are over ten ways of pairing
these four metals with each other and with their
oxides. Since Bragg's rule asserts linearity, the
yield-ratio measurements from these pairings
define at least ten linear relationships between
these four unknowns. The existence of a unique
solution for this overdetermined system is nec-
essary for the validity of Bragg additivity.

The analytical procedure described here requires
four assumptions to establish the existence of a
solution to the overdetermined system. The
assumption that we believe we are testing is the
applicability of Bragg's ru1.e of linear additivity
of elemental stopping cross sections to compounds.
A second, and presumably safe assumption is
that the scattering cross section of back scattered
2-MeV ~He ions is given by the Rutherford formula.
Third, the conversion from the back-scattering
[e] factors to the stopping cross section at the
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incident particle energy assumes that the relative
energy dependence of the stopping cross section,
without reference to the absolute value, must be
known for each element. Finally, the composition
of the targets must be known. Although it is pos-
sible that two or more of these assumptions may
fail simultaneously, producing a cancellation of
errors, this is highly improbable. %e take self-
consistency as evidence that all of these conditions
have been fulf illed.

III. EXFERIMENTAI. METHOD

A. Facilities

Measurements were performed using the 3-MV
accelerator of the Kellogg Radiation Laboratory
to produce 2-MeV 'He' iona at target currents of
30-200 nA. The particles were detected at a
mean laboratory scattering angle of 168' by a
25-mm' silicon-surface-barrier detector about
12 cm from the target. Standard pulse-shaping
electronics was used in conjunction with a 50-MHz
512-channel pulse-height analyzex . Charge inte-
gration was performed on a standard current-to-
frequency converter with electronic and mechanical
counters. A 300-V charge-stripping potential at
the entrance of the target chamber and a 300-V
secondary-electron-suppression bias were used
to increase the accuracy of the current integration.

Samples were mounted either on a two-axis
goniometer or a sample holder with orthogonal
translational and azimuthal position control.
Samples on single-crystal substrates or with
layers suspected of having a preferred crystalline
orientation were mounted on the two-axis gonio-
meter. During the measurement the sample was
continually rotated around its polar axis while the
azimuthal angle was varied from 5' to 7'. This
procedure minimizes channeling effects. Un-
textured polycrystalline samples were measured
with stationary targets and with the incident beam
at normal incidence.

B. Sample preparation and measurements

The compounds used in this study were chosen
from among those that could, a priori, be assumed
to be stoichiometric. Nevertheless, the compo-
sition was not blithely assumed to be known. With
one exception, each type of sample was produced
in several different ways.

l. Al-Alp 03

The Al,O, -on-Al yield ratio was measured using
four different thicknesses of anodically formed
A12O, (presumably y-Al, g). The Al-on-A1, 0,

yield ratio was measured using samples of Al
evaporated onto (0001}e-A1,0, (single-crystal
sapphire}, (11'KO} n-Al, O„and anodized y-A1,0,.

The y-Al, Q, was formed by anodizing commer-
cial Al foil (supplied by the Reynolds Metal Co.,
Richmond, Va.) in an aqueous solution of
(NH4}2HC~H507 using current densities of less than
10 mA/cm'. The stoichiometry of a film pro-
duced by this method was checked by Rutherford
back sc'attering on a self-supporting 1500-A foil
and the oxygen-to-aluminum ratio was found to be
1.53+ 0.05. The (0001) n-A1,0, was supplied by
Union Carbide and the (1150) a-A1,0, was supplied
byInselek, Inc. , Princeton, N. J., as the sub-
strate of epitaxially grown (111)silicon-on-sap-
phire.

The accuracy of the AI.-Al,Q, yield ratio also
depends on the purity of the Al layer. The purity
of the evaporated Al was determined by simultane-
ously depositing the Al onto carbon and aluminum
foil substrates. The back-scattering spectra taken
with these samples are shown in Fig. 1. The
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FIG. 1. Purity tests of Al films. The top half of the
figure shows a back-scattering spectrum of Al evaporated
onto a carbon substrate. This shows the presence of a
small amount of oxygen on the two surfaces of the film,
but no evidence of bulk impurities. The bottom part
shows the spectrum of A], evaporated onto Al foil. The
dip in the yield near 975 kev is due to the native oxide on
the Al foil. The match in the yields of the evaporated
and bulk Al indicates that there are no significant un-
detected impurities.
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Al-on-C spectrum shows evidence of oxidation on
both surfaces of the evaporated Al. There are no
detectable impurities in the bulk of the evaporated
material. The Al-on-Al-foil spectrum shows that
the back-scattering yields of the two layers are
identical. The dip is due to the native oxide on
the Al foil. This shows that there are no signifi-
cant impurities in the film since the presence of
impurities in the evaporated Al would be indicated
by a lower back-scattering yield from the de-
posited layer, just as the interface is marked by
the dip due to the oxide on the surface of the foil.
The impurity content of the Al foil is assumed to
be insignificant.

The Al-Al, O, yield ratios as determined on the
seven samples described above was reproducible
within better than l%%ua. The repeatabiltty of the
measurements is encouraging evidence both that
the method used in this experiment is valid and
that the samples are all stoichiometric.

2. Si - Si02

The SiO, -on-Si yield ratio was determined for
two different thicknesses of thermally grown SiO,
on single-crystal Si. The Si-on-SiO, ratio was
measured for amorphous Si evaporated onto fused
quartz, AT-cut quartz, and thermally grown SiO, .

Thermally grown SiO, has been extensively
investigated and it is believed that deviations from
stoichiometry are below the sensitivity of most
experiments. The fused quartz, supplied by
Amersil, Inc. , Hillside, N. J., is claimed to have
less than 100-ppm impurities. The AT-cut single-
crystal quartz was removed from an electrically
active quartz-crystal resonator.

The purity of the evaporated Si was tested by
simultaneously evaporating the Si onto Si and C
substrates. Despite a small amount of oxygen
contamination of a few percent evident in the Si-
on-C sample, the back-scattering yield from the
evaporated Si matched the yield from the single
crystal to within better than + ~%. The single-
crystal silicon is assumed to be pure.

The ratio of the yields from the Si and SiO,
layers was reproducible within+ —,

'
/p for all of

these samples.

Fe-Fe, O, -Fe, 04

The composition of the two iron oxides was in-
ferred from the magnetic, electrical, optical, and

crystallographic properties. The sample-prepar-
ation techniques and the verification of the proper-
ties of the oxides have been described elsewhere. '

The purity of the Fe films was established by
depositing Fe onto a carbon substrate and using
back scattering to show no detectable impurities.

Measurements using x-ray fluorescence also
showed no evidence of similar mass impurities
such as Ni or Co.

The reproducibility of the Fe-Fe,O, and Fe-
Fe,O, ratios was better than s l%%uo. The two ratios
are also consistent with each other within + 1%.

4, Mg-MIO

The Mg-MgO ratio was determined for only one
sample. The MgO is a single-crystal (100) wafer
supplied by Semi-Elements, Saxonburg, Pa. The
Mg film was evaporated from material of better
than 99.9% purity in a vacuum of better than 10 '
Torr. The purity of the Mg films produced this
way was not extensively tested, but there was no

evidence of any significant impurities in any of
the back-scattering spectra.

5. Al-Si

The Al on Si yield ratio was measured for evap-
orated Al on single-crystal (ill) Si and on evap-
orated Si on a carbon substrate. The Si-on-Al
ratio was determined using samples of evaporated
Si on Al-foil and evaporated Al. The measured
ratios were within s 1% for all samples.

6. Fe-Al

The Fe-Al ratio was measured using Fe evap-
orated onto Al foil and Al evaporated onto a film
of Fe on a Si substrate. One sample of each type
was measured and the two yield ratios were al-
most identical.

7. Fe-Si

The Fe-on-Si ratio was measured with two dif-
ferent thicknesses of evaporated Fe on single-
crystal (ill) Si. No measurements of the Si-on-
Fe ratio were performed. The ratio was repro-
ducible to better than —,'%%uo.

The Al-on-Mg ratio was determined from two

samples with different thicknesses of evaporated
Al on evaporated Mg on MgO substrates. The Mg-
on-Al ratio was measured on a single sample of
evaporated Mg on evaporated Al on a thermally ox-
idized Si substrate. The measured ratios were
the same within 2%.

IV. RESULTS

A typical spectrum, for a sample of evaporated
Al on (0001) o. -A1,0s, is shown in Fig. 2. The
data were taken using a beam current of 150 nA
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BACKSCATTERING YIELD (COUNTS/CHANNEL) TABLE I. The experimental yield ratios for 168' back
scattering of 2-MeV 4He from two-layered samples. The
yield ratio is the yield of the first layer identified in the
"sample type" column divided by the yield of the other
layer. The standard deviation represents the reproduci-
bility of the measurement. The Mg-MgO ratio was mea-
sured only once and the uncertainty is estimated at about
1%.
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Sample
type

Al-Mg
Si-Al
Fe-Al
Fe-Si
Mg-Mg0
Al-Al. 20~
Si-Si02
Fe-Fe20&
Fe-Fe&04

No. of
samples

Yield
ratio

1.207
1.069
2.524
2.358

1.703
2.075
2 ~ 356
1.678
1.616

Standard
deviation

1.89()

0.81%
0.08%
0.17%

(-1%)
0.83%
0.49%
0.36%
0.62Vp

FIG. 2. Yield-ratio measurements. The spectrum
was taken by back scattering from evaporated A1 on
{0001) o,' —A1203. The method of determining the yield
ratios by projecting to the interface between the two
layers is illustrated.

and a total dose of 500 p, C. To avoid anomalous
yieMs due to channeling effects the sample was
continually rotated about its polar axis while the
azimuthal angle was changed from 5' to 7' in —,

'

steps at every 100 p. C of incremental dose.
The yield ratio is determined by extrapolating

the Al and Al,Q, plateaus to the point representing
the interface between the two layers and taking
the ratio of the projected yields. This procedure
ensures that the back-scattered particle yields
are evaluated at the same incident-ion energy.
Two examples of the extrapolation procedure used
for scattering from two dissimilar elements are
shown in Ref. 7.

Obviously, the accuracy of the yield-ratio deter-
mination does not depend on the accurate measure-
ment of the total ion fluence. This ratio is also
relatively insensitive to the scattering geometry
and the absolute beam energy because small er-
rors of this type tend to cancel each other when
ratios are taken. The effect of the thickness of
the surface layer on the yield ratio is negligible. '
The only parameters that plausibly affect the de-
termination of this ratio are the composition of
the two films, the statistical fluctuations in the
data, and the judgment of the investigator in es-
timating the yield levels.

The results of the yield-ratio measurements are
shown in Table I. The number of samples used to
determine each ratio and the reproducibility of
the experimental ratios are also shown in the
table. Since the Mg-MgO yield ratio was mea-

sured on only one sample, the tabulated uncer-
tainty is an estimated value.

The Al-Si, Al-Fe and Fe-Si ratios constitute
all possible pairings of Al, Si and Fe. The self-
consistency of these is much better than could be
expected from uncertainties in each value. This
supports the validity of the approach used in this
experiment.

The yield ratios from the measurements on the
pure metals were used to determine the ratios of
the stopping cross sections at 2.0 MeV. Since
these are relative values, no absolute values were
determined by these measurements. These ratios,
normalized to the stopping cross section of silicon,
are shown in Table II. Also shown for comparison
are the ratios of the stopping cross sections taken
from the semiempirical table of Ziegler and Chu. "

The metal-oxide yield ratios were used to de-
termine the ratio of the stopping cross sections
of the metal and the oxygen, assuming Bragg's
rule. These ratios, calculated for the incident-

Metal. Al

~ 2, 0 McV
cati&m

Present
Measurements 0.985 0.995 1.000 1.48'

2.0 MeV
Si Ref. 11

Error
0.916 0.898 1.000 1.442
t- 7.5+g 10.87p ' ' ' + "«.0'k

TABLE II. Relative G. -particle stopping cross sec-
tions at 2.0 MeV. The top row identifies the cation in the
oxide. The first part shows the results based on our
yield-ratio measurements on the pure metals, normalized
to Si. Below that are the values found in Ref. 11 (nor-
malized to Si). The bottom row gives the error in the
measured t: ratio with respect to the values in Ref. 11.
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ion energy of 2.0MeV, are shown in Table HI. In
both Tables D and III, the ratios of the [e] factors
were converted to ratios in c by using the semi-
empirical values in Ref. 11.

By combining the results of Tables G and III,
it is possible to calculate the relative contribution
of an oxygen atom to the molecular stopping
cross sections of the different oxides. If Bragg's
rule is valid, this contribution in one oxide, e.g.,
Al,O„must be the same as the contribution in all
other oxides. The relative values are shown in
Table IV with the estimated error. The values
have been normalized to an average value of unity
to highlight the consistency of the oxygen stopping
cross sections in these five oxides.

Since the absolute stopping cross sections of
these five elements have been determined ex-
perimentally by several laboratories, the absolute
value of the contribution of oxygen to the molecular
stopping cross section of the solid oxides can be
evaluated by using the ratios in Table IO and the
reported stopping cross sections of the pure
metals. The results of these calculations, using
the selected values of the pure-metal stopping
cross sections given in Table V, are shown in
Table VI with the value reported for molecular 0,
in gas phase included for comparison. The stop-
ping cross sections thus obtained are systemat-
ically (6-22)% lower than in gas phase.

V. DISCUSSION

A. Brall additivity

The present results demonstrate that for these
five oxides, there is a unique set of five stopping
cross sections that is consistent mill all combin-
ations of pure metals and their oxides. Since
this experiment depends on the energy loss of both
the incoming and outgoing trajectories, this re-
sult is applicable to 48e ions with energies of
1-2 MeV.

The compounds used in this study are the stoich-
iometric oxides with the lightest cations from

TABLE III. Relative stopping cross section of solid
oxygen. The ratio of the stopping cross sections of
"solid 02" and the metal were calculated from the yield
ratios given in Table I using the procedure outlined in
the text. The uncertainties in the values shown in par-
entheses were calculated by propagating the standard
deviations shown in Table I.

TABLE IV. Rel,ative oxygen stopping cross sections.
This shows the variation in the contribution of oxygen to
the stopping in the five oxides. These have been calcul-
ated by using the measured relative stopping cross sec-
tions as shown as Tables II and III. The values have
been normalized to an average value of unity to empha-
size the existence of a unique contribution to the mole-
cul, ar stopping cross section by the oxygen. The uncer-
tainty in each vaLue was calculated by propag@ting the
standard deviations in the original measurements shown
in Table E.

MgO AI2+
O, -Fe2+

Fe204

~ 2,0 MeV~ oxygen

&g2eo Mev)~~ oxyg ~av

0.995
(3.4%)

0.989
(2.4%)

1.016 0.999
(2.0%) (2.3%)

B. Physical state effect

The reduction in the stopping cross section with

increasing density due to dielectric effects was
first recognized by Swann. ' These effects have

been shown to be large and easily observed for
relativistic ion velocities in which Cerenkov radi-
ation contributes to the loss of energy. " By in-
cluding these dielectric screening corrections for

TABLE V. Reference stopping cross sections (in
10-"ev/cm2).

Element 02 Al

which the nuclear scattering at 2 MeV is purely
electrostatic. This maximizes the fraction of
va1.ence-band electrons, which varies from 30to
53%. A simple test of the nature of the chemical
binding is the difference in Pauling electroneg-
ativity, which varies from 1.V for Si-0 to 2.3 for
Mg-O. This covers almost the full range available
for binary solid oxides. The estimated ionic char-
acter of the bonding of these oxides varies from
51 to 74%. Any changes in the stopping power due
to chemical binding effects should be maximized
by this choice of compounds. The present results
indicate that there are no observable chemical
effects in the stopping of 1-2-MeV 4He ions by
these solid oxides.

We expect that the present results can be ex-
tended to all other solid oxides and that the contri-
bution of oxygen to the stopping in those oxides
is independent of the choice of the cation.

Cation

Iohd

at 2.0 MeV
cation

Mg

1.34
(3%)

Al

1.33 1.36
(1 %)

0.90
(2%)

e (1.0 MeV)
~(1.5 Mev)
e (2.0 MeV)

Ref.

94
83
72

52
47

67
58
49
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TABLE VI. Calculated absolute values for the stop-
ping cross section of solid oxygen. The absolute values
of the oxygen stopping cross section, calculated from
the ratios shown in Table III and the values shown in
Table VI, show a systematic deviation from the report-
ed value for gaseous 02, which is included for compari-
son.

Cation Fe 0&@as)

2y, qo" at 2.0 MeV 59
(].Q ~~ eVcm2)

difference from
gaseous 02

56

-&8 /o -22% -7% -6%

72

nonrelativistic particles, Fermi has estimated
that the stopping in a condensed medium is "of
the order of several percent" lower than in a gas-
eous medium. ' A recent calculation based on
Lindhard and %'inther's statistical approach has
shown that, in addition, solid-state charge dis-
tributions produce lower stopping cross sections
than Hartree-Fock-Slater wave functions for
isolated atoms. "

In the energy range 0-2-MeV 4He ions, the most
extensive experiments have been performed by
the Baylor group. Their measurements on several
hydrocarbon gases showed that the contribution to
the stopping by the carbon in these compounds
was systematically higher than the measured stop-
ping power of solid carbon. ' However, the carbon
contribution to the stopping in fluorocarbon gases
was found to be in good agreement with solid
carbon.

The systematic discrepancy observed in Table
VI between the oxygen contribution in the solid
oxides and in molecular oxygen is presented as
possible evidence for a physical state effect. Be-
cause of the potential errors in the absolute stop-
ping cross sections, each individual determination
of the effective stopping cross section of solid
oxygen by this method could not be construed as
proof of the existence of a physical state effect.
However, a systematic discrepancy is observed
for all possible choices of reference stopping cross
section. We discuss the effects of using other
reference values below.

For example, the stopping in Si has been mea-
sured independently by three groups with good
agreement between 1 and 2 MeV." " We have
used the values by Risen et a&. ,

" the largest re-
ported values. Using the other values would in-
crease the apparent physical state effect by (2-5)%,
giving values of (9-12)%, for this effect in SiO, .

The Al stopping cross section has been reported

by several groups with agreement within about
5% for 1-2-MeV o. particles. Because of the
large inconsistencies in the Al-Si relative yields
with respect to the reported stopping powers, ' we
have recently remeasured the Al stopping cross
section. " These values are in good agreement
with the results of Porat and Hamavataram, '
which are (2-6) /o higher than the results of Chu
and Powers" between 1 and 2 MeV. This would
reduce the observed physical effect in Al,03 from
the 22% shown in Table VI to about 1770.

We have also remeasured the Fe stopping cross
section" and found slightly lower [(Vs 5)%] values
than reported by Chu and Powers. " This value
would increase the apparent physical state effect
in the two iron oxides to about 13%.

Bourland et al. directly measured the stopping
cross section in gaseous oxygen„" while Rotondi
differentiated the range-energy relation. " These
two measurements agree between 1.5 and 2 MeV
with Rotondi's value about 5 /0 higher at 1 MeV.
Adopting Rotondi's data would increase the ap-
parent physical state effect by (0-3)%, depending
on the oxide.

By taking appropriate choices of reference data,
the apparent physical state effect can be narrowed
to about (10-15)%. This is almost exactly the
value recently predicted by Ziegler and Chu. "

The observed systematic discrepancy could also
be attributed to chemical binding effects. The
magnitude of these effects on the stopping in gas-
eous oxides can be estimated by considering the
cases of N,O, CO, and CO, . Using the measure-
ments of Bourland, Chu, and Powers" of these
gases as well as N, and O„it is possible to com-
pare the contribution of oxygen to the stopping
cross sections of the gaseous compounds with the
stopping cross section of pure oxygen. In one
case, CO and CO„ there is no significant differ-
ence from pure oxygen for 1-2-MeV u particles.
In the other case, N, and N,O, the Bragg rule
contribution of the oxygen is systematically (5-8)%
lower than the pure oxygen value in the same en-
ergy range.

The existence of the apparent physical state ef-
fect assumes the accuracy of the referenced stop-
ping-cross-section data. In addition, we have
implicitly assumed that chemical effects are
small, This produced the Bragg-rule assumption
that the stopping power of atomic oxygen is one-
half that of molecular oxygen. Because the ex-
istence of the apparent physical state effect de-
pends crucially on these assumptions, the data
have been presented in a form that allows includ-
ing any new values of the stopping powers to con-
tinually test the possibility that there may be a
physical state effect for oxygen.
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C. Stopping -cross - section values

The stopping-. cross-section ratios found in this
work, e.g., Table II, can be used to critically
select a set of preferred stopping-cross-section
values for Mg, k,l, Si, and Fe. For example,
using the values for Si reported by Lin, Olsen,
and Powers" and the data of Porat and Ramava-
taram'0 for Al would significantly reduce the dis-
crepancy between the reported absolute stopping
cross sections and our measured yield ratios.
This also suggests that the stopping cross section
of Mg should be about (5-10)% higher than the
value reported by Chu and Powers, while the Fe
values should be reduced by (5-10)%.

%'e also note that the experimental techniques
involved in absolute measurements of the stopping
cross section in gaseous and condensed media
are very different. This suggests that the observed
physical state effects may arise from systematic
discrepancies in the analysis of the data taken by
the thoro methods. We regard this as highly im-
probable.

CONCLUSIONS

%e have described a self-consistent procedure
for testing Bragg's rule that does not require the
knowledge of any absolute stopping-cross-section

values. This has been used to demonstrate that
the contribution of oxygen to the stopping of 1-2-
MeV 'He ions in oxides is independent of the cation
element. This is an important necessary con-
dition for applying Bragg additivity of stopping
cross sections to these compounds.

Although the method of testing Bragg's rule des-
cribed here has been applied only to oxides, it
can obviously be extended to all stoichiometric
solid compounds. It is most useful for testing
binary compound systems such as oxides or ni-
trides (Si+,-AIN-BN), in which the normal phase
of the one element common to all the compounds
is not normally a solid. It can also be extended
to test the reproducibility of the stopping cross
sections of chemical radicals such as (No, ),
(80,), etc. The advantage of this test is that
in its self-consistency or in its failure to achieve
self-consistency, it does not depend on any ab-
solute measurements.

Completing the test of Bragg additivity requires
a demonstration of the equality of the oxygen stop-
ping cross sections in solid phase and in gas
phase. By using the reported values of the ab-
solute stopping cross sections of the metals gsed
in this study, it is found that the calculated con-
tribution of oxygen to the molecular stopping cross
section is systematically (6-22)% lower in the
solid oxides than in gas-phase 0,.
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