PHYSICAL REVIEW A

VOLUME 14, NUMBER 1

JULY 1976

Stopping cross section of bulk graphite for a particles*

S. Matteson, E. K. L. Chau, and D. Powers
Baylor University, Waco, Texas 76703
(Received 23 February 1976)

The stopping cross section of bulk graphitic carbon for a particles of energy 0.3-2.0 MeV has been measured
absolutely and relative to vapor-deposited carbon, and is found to be ~ 6-28% higher than the corresponding
value of vapor-deposited carbon. The difference is attributed to an allotropic effect.

I. INTRODUCTION

Extensive stopping cross-section measurements
of hydrocarbons made by us and our co-workers
have suggested that the stopping cross section of
carbon in a molecule, as determined by Bragg-
rule-type calculations, is dependent upon the na-
ture and strength of the carbon bonds.'™ These
carbon stopping-cross-section values are com-
pared to the elemental, or atomic, stopping cross
section obtained from amorphous vapor-deposited
thin carbon films.®™® However, electron diffrac-
tion studies reveal that rather than consisting of
isolated, unbonded carbon atoms, amorphous thin
carbon films may be constituted of microscopic
(=10 }'\) regions of ordered, covalently bonded car-
bon.'® Moreover, some researchers have observed
in vapor-deposited carbon C-C bond lengths typi-
cal of both diamondlike single bonds as well as
graphitelike delocalized double bonds.!! Further-
more, Softky'? found that the relative stopping
cross section of diamond for protons is 6% less
than that of graphite for protons of 1.1-MeV inci-
dent energy. Northcliffe and Schilling, ** on the
other hand, reported a significantly lower proton
stopping cross section for vapor-deposited carbon
at 1.1 MeV than Softky. These considerations
recommend that a careful measurement be made
of the stopping cross section of graphite for «
particles.

Previous measurements of the stopping cross
section of carbon were performed using a thin-
target method, which required a vapor-deposited
film of known areal density.®™® In order to form
such a film, carbon was evaporated by heating it
to over 1800°C°®* 5 in a carbon arc at high vacu-
um. The evaporation generates the highly reactive
components of carbon vapor, C,, C,, C,,'® which
can bond covalently with other carbon atoms upon
striking the growing film, forming various ring
structures. Thus, the film is, at best, of uncer-
tain allotropic form.

The present experiment differs from a thin-film
experiment in that (i) use is made of a thick target
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of bulk graphite, whose allotropic form is well
known' to be a six-membered benzenelike struc-
ture with delocalized double bonds, and (ii) the
thick-target method of Wenzel and Whaling®® is
employed. The purpose of the present experiment
is to measure the stopping cross section of the
carbon allotrope, graphite, absolutely and relative
to vapor-deposited thin-film carbon, and to deter-
mine if any allotropic, or valence, effect is ob-
servable in the elemental stopping cross section.

II. TARGET PREPARATION

Graphite targets were prepared from 99.98%
pure polycrystalline graphite from Union Poco
Graphite, Inc., Decatur, Tex. The blanks were
first sanded with dry emery polishing paper, then
buffed with dry tissue, then with micropolishing
cloth charged either with 0.05- 1 alumina or with
powdered graphite, and buffed again with tissue.
The scattering spectra (see Sec. III) from these
targets were always carefully examined for evi-
dence of contamination, either by the polishing
agents or by organic contaminants from the vacu-
um pumps, but no contamination was observed.

A careful microscopic study of the surface mor-
phology of the graphite samples revealed that the
fractional area covered by any pores or scratches
was less than 0.1%. Excessive roughness could
cause significant error, '° but no observable vari-
ation in scattering yield was observed from targets
having average pore size from =10 um to the typi-
cal size of ~0.4 um. X-ray diffraction patterns
from scrappings of the graphite samples revealed
sharp rings with d spacings in agreement with ac-
cepted standards for graphite.?®° The crystallite
size specified by the manufacturer was <0.001 in.,
and since the beam spot averaged over ~10° ran-
domly oriented crystallites, channeling effects are
believed to be negligible.

As a check of the experimental method and as a
means of determining if an allotropic effect exists
in graphite and vapor-deposited carbon, 50-100
ig/cm? thick targets of evaporated carbon were
also prepared and analyzed by the method given in
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Sec. III. Both spectrographic-grade rods and rods
formed from the Poco graphite samples were used
in a carbon arc and evaporated onto a highly pol-
ished Be substrate or onto a thin layer of Ag or Au
on top of the polished graphite. This procedure was
followed so as to eliminate any possibility that dif-
ferent surface finishes of the Be or graphite would
give different scattering yields; no observable dif-
ference was seen.

Electron and x-ray diffraction patterns of the
vapor-deposited C films showed very diffuse rings
typical of amorphous®' C. It is therefore concluded
that the graphite and the amorphous vapor-deposit-
ed targets used in the experiment were indeed two
distinct forms of C.

Heating of the target due to the incident He ion
beam was also considered, since it could alter the
identity of the target. Calculations of the maximum
temperature rise of the irradiated target indicated
that the carbon-film temperature never exceeded
and was typically much less than 100 °C, which is
well below the minimum annealing temperature®
(400 °C) required to affect substantially the struc-
ture of the thin carbon film.

III. EXPERIMENTAL PROCEDURE

The detailed experimental arrangement for
stopping- cross-section measurement by elastic
scattering from thick targets is essentially that
reported in a previous paper.?® Briefly, a He* ion
beam obtained from a 2-MeV Van de Graaff accel-
erator is focused by a quadrupole magnet, ana-
lyzed by a 10° magnet, trimmed to a 1 X 1-mm
spot, and directed into an 18-in. scattering cham-
ber with typical beam current 100 nA. The elas-
tically scattered He* ions are detected by a 100-
um silicon surface-barrier detector, and analyzed
in a 256-channel multichannel analyzer, where
dead-time corrections can be made. The incident
beam current is measured by an Elcor current in-
tegrator connected to the movable target rod. An
electron trap is used which consists of a pair of
parallel horizontal plates, one above the beam at
ground potential and the other below the beam at
—225 V dc. The same negative potential is applied
to a thermally and electrically insulated copper
baffle surrounding the target. The baffle is in
thermal contact with a liquid-nitrogen reservoir,
thus providing both secondary electron suppression
and cryogenic pumping of residual vapors. This
feature is of utmost importance since any extra-
neous carbon deposited by the cracking of hydro-
carbon, e.g., diffusion pump oil, would degrade
the detected spectrum. The vacuum was main-
tained below 2 X 107® Torr, a level at which carbon
buildup is minimal. The target rod is maintained
at a +225 V dc potential in order to inhibit the

emission of secondary electrons.
As is shown in Ref. 23, the yield per energy
channel is given by

do dE
= A _— .___2_0_
y(Ew’EZO) No an Eerr (Es,Ezo)’ (1)
where
€(E,,)
€et‘f (E37E20) =€(agos) [CYG(ES) + Bi(aEs)] y (2)

with a as the kinematic constant, € =dE/NdS is
the stopping cross section, B=cos6,/cosé,, Eg

the incident energy at depth S beneath the surface,
E,, and E,, the energy of incident and detected ions
at angles 6, and 6, with the target normal, respec-
tively, and dE,, the width of the energy channel.
The scattering configuration is shown in Fig. 1,
where 6,=6,=45.0° and 6,=90.0°. At the target
surface, i.e., at S=0, the effective stopping cross
section takes the simple form

€eff (Elo, aE]_o) = €efr (Elo) = a€(Em) + Be(aEm) ’
3)
which is equivalent to the expression first given

by Snyder et al.?*
The number of incident ions N, is given by N,
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FIG. 1. Elastic scattering of o particles from a thick
graphite target at bombarding energy E;;=1.750 MeV,
laboratory scattering angle 6, =90.0°, and target angles
6,=6,=45.0°. The scattering yield y (Ey, Eyo) [Eq. (1)] for
scattering energy E,)< 0.845 MeV was fitted to y =A/Ey,+
B and extrapolated to y (Eq, ¢ E;y) =4174 counts at energy
o E;=0.875 MeV, which is the energy of the a particles
scattered from the graphite surface. The kinematic con-
stant o is (M,—M,)/(M,+ M,)=0.5001 at 6, =90.0°. The
effective stopping cross section € (Ey, ¢E ) for graphite
was calculated from Egs. (1) and (3) using 41 different
spectra of this type.
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=Q/e, where Q is the total charge collected by the
current integrator, and e is the charge per ion.
The integrator calibration was frequently checked
and found to deviate by no more than a fraction of
a per cent for a given target and by no more than
2% during the entire experiment. The scattering
yield from a thick polished Ag blank of high purity
was measured simultaneously with the carbon
scattering yield and under identical experimental
conditions in order to check the quantity N,AQ in
Eq. (1). The measured Ag yield was compared to
that predicted from the Ag stopping cross section
of Ref. 23. The mean ratio of measured to pre-
dicted scattering yield from the Ag differed from
unity by no more than 3%. The integrated charge
Q@ was taken as Nye, and a probable error of +3%
was assigned to the product N,AQ in keeping with
the spread of predicted to measured Ag scattering
yields.

The scattering cross section do/dS2 used for
carbon in Eq. (1) was that of the shell-shielded
Coulomb potential of Smith et al.*® The screening
of carbon for He* ions was calculated to be negli-
gible except for very low energies. The energy
per channel was determined by a careful energy-
voltage calibration of the detector-preamplifier
combination and a voltage-per-channel calibration

S—

=\ 1
€(E;) = L <E eir (E1o) = Zn_![a(Elo‘ Ein)"+ B(QE 5~ Ein)"]

a+p =i

where 0E,,<E;<E,,. €(E;,) is obtained by iter-
ation, first by neglecting the correction terms in-
volving derivatives to obtain an approximate
€(Ein), then curve-fitting these 41 values of
€(E,,) and taking derivatives to obtain a better
€(Ein;). The procedure was iterated until the val-
ues of €(E;,) did not change with further repetition
of the procedure. E,, was taken to be 3(E,,+ @E,,)
for reliable convergence of the Taylor series, and
€(E;) is thereby limited to 0.3 S E, <1.575 MeV.

The second data-reduction scheme, which allows
a wider energy region 0.2 SE <2.1 MeV but at the
expense of slightly increasing the error for
E>1.5 MeV, is obtained by approximating the
functions €(E,,) and €(aE,;) from Eq. (3) by a
function F,,(E) to give

€ off (Elo) = aFan(Em) + BFa,,(aEm) y (5)

where a, are the parameters of the fitting function
F, (E) and are determined by standard least-
squares fitting procedures?®® so as to give the best
fit to the experimental data points €.y (E,,). The
functional form employed in this scheme was the

of the analyzing electronics, the details of which
are found in Ref. 23.

The scattering yield at the midpoint of the graph-
ite yield step was determined by curve-fitting the
data points over a region extending from
E, 2 aE, - 200 keV to E,; S aE,,- 30 keV, where
aE,, is the energy after scattering from the graph-
ite surface, and extrapolating this curve to the
midpoint of the step as illustrated in Fig. 1. Sev-
eral functional forms were used, e.g., y=AE,,

+ B, to fit the data points and gave only minor
change in fit. However, the fitting function y
=A/E,,+ B was selected because it gave a very
good fit with convenient functional form, and is
the one employed in Fig. 1.

This scattering yield y at the midpoint of the
step was then used in Egs. (1) and (3) to find
€. (E,). Forty-one values of €., (E,,) from eight
different graphite targets were obtained for E,,
between 0.4 and 2.0 MeV. These €, (E,,) values
were subjected to two independent data-reduction
schemes to obtain the actual stopping cross sec-
tion €(E), and negligible difference (<0.25%) was
found between the € values from the two schemes.
The first scheme was to expand in a Taylor series
the functions €(E,;) and €(aE,,) from Eq. (3) about
an intermediate energy E;, to obtain

a"¢(Einy) ) ’ @)

dE"

—

Brice?” form:

4 Z,+Z  ,,30x%+53x+21
€(x) = Fo,(x) “Bm 1+ (av/vo)"x 3(x+ 1)
+(10x+ 1) tan™x/2 | (6)

where a,= (n,a,z), x=(/2v,2)?, v,=€*/ii, and the
a-particle velocity and electron mass are v and
m, respectively. Since the scheme may be depen-
dent on the type of function used, five other func-
tions were also tested to determine how much
€(E) would differ from the Brice value. These
separate functions were (i) the Bethe- Bloch form
with inner-shell corrections suggested by
Walske,*® F, (E) = (a,/E) In(a,E) + a,/E* + a,/E?;

(ii) a fourth-degree polynomial in E; (iii) VE
times type (ii); and (iv) and (v) a smooth joining
of (a,/E)In(a,E) to types (ii) and (iii), respectively.
Type (i) agrees with the Brice form to better than
1% for 0.2 <E <2.1 MeV: type (v) is higher by 3%
at 0.7 MeV and lower by 4.2% at 2.1 MeV than the
Brice form. All other forms deviate from Eq. (6)
by less than this amount.
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TABLE 1. Stopping cross section of carbon (graphite)
for a particles. The numbers in parentheses give the
estimated probable error in € (expressed as a percent)
assigned according to the discussion in Sec. IV.

Brice parameters (n, a,z)=(3.10, 0.501, 1.02) [See Eq.(6)]

Energy dE/pdx €
(MeV) (keV cm?/ug) (101 eV cm?)
0.3 1.94 38.7 (3.5%)
0.4 2.05 40.7 (3.5%)
0.5 2.08 41.5 (3.5%)
0.6 2.06 41.2 (3.5%)
0.7 2.03 40.5 (3.5%)
0.8 1.98 39.5 (3.5%)
0.9 1.93 38.5 (3.5%)
1.0 1.87 37.4 (3.5%)
1.1 1.82 36.3 (3.5%)
1.2 1.77 35.3 (3.5%)
1.3 1.72 34.3 (3.6%)
1.4 1.67 33.3 (3.7%)
1.5 1.62 32.4 (3.9%)
1.6 1.58 31.6 (4.0%)
1.7 1.54 30.8 (4.2%)
1.8 1.50 30.0 (4.4%)
1.9 1.47 29.3 (4.6%)
2.0 1.44 28.7 (4.8%)

As a general check of the experimental technique,
some data were also collected at §,=130.0°. The
values of €(E) obtained at this alternative scatter-
ing angle agreed with those obtained at 6, to with-
in the assigned uncertainty.

IV. ACCURACY

The experimental uncertainities in the effective
stopping cross section €. (E,,) arise from errors
in the various quantities that appear in Eq. (1).
Hill*® has shown that the elastic scattering cross
section *C(a, @)'2C has no anomalies below 2.5
MeV. The shell-shielded Coulomb potential is
known to be quite accurate® below the Coulomb
barrier for heavier elements, and the screening
corrections are essentially negligible for
12C(a, @)*?C except at the lowest bombarding en-
ergies. The terminal voltage of the Van de Graaff
accelerator was measured with a generating volt-
meter calibrated to +0.15% using standard nuclear-
reaction calibration energies.®® The laboratory
scattering angle 6, and angle of incidence 6, were
known to within £0.1°. These various sources of
error combine to an error of <1% in €, (E,,).

The primary sources of error in €4 were (i)
the uncertainty in N,AQ, estimated to be +3%;
(ii) the error in the yield y(E,,, ®E,,) at the mid-
point of the step in Fig. 1, estimated to be +2%;
and (iii) the error in the width of the energy in-
terval in the spectrum, estimated to be +1%. Thus,
the total probable error in €. (E,,) is estimated

to be <4% when all errors are added in quadrature.
The probable error in the stopping cross section
€(E,,) calculated by the first data- reduction
scheme is estimated to be 4% for 0.3 <E;,, <1.575
MeV. The probable error in €(E) by the second
data- reduction scheme is found by first determin-
ing the error in the Brice-function parameters
(n,a,z) of Eq. (6) from the error matrix of the
least-squares fit*® and then by expanding the error
in €(E) in terms of the errors in these parame-
ters.®® This probable error in €(E) for the Brice
function is found to be small (<1% at 0.3 MeV to
2.4% at 2.0 MeV); however, the various fitting
functions (see Sec. II) differ from the Brice form
from 3% at 0.7 MeV to 4.2% at 2.1 MeV. We have
therefore assigned a probable error to the €(E)
values in Table I which is essentially a compro-
mise between the errors of the two data-reduction
methods, and which allows for error due to dif-
ferent fitting functions. The increase in error at
the higher energies is caused by the scattering
geometry used in the experiment. For 6,=90.0°,
6,=6,=45.0°, @=0.5001, 8=1.000, so that E,,
and aE,, are widely separated for large E,,.
Thus, €. (E,,) =0.5¢(E ;) + 1.00e(aE,,) is essen-
tially a weighted average of €(E,;) and (a¢E,,),
with twice the weight being given to €(aE,,).

V. RESULTS

The measured effective stopping cross sections
€. (E o) of graphite and vapor-deposited carbon
are shown in Fig. 2 as the closed circles and
crosses, respectively. The solid and dashed
curves are the Brice curve fit [Eq. (6)] according
to the second data-reduction scheme using n,a,z
(n',a’,z')=3.10, 0.501, 1.02 (3.40, 0.392, 1.37)
for 41 (26) spectra for graphite (vapor-deposited
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FIG. 2. Effective stopping cross section €. (Eqg) =
a €(Eqy) +B € (aE g as a function of incident a-particle
energy Eq,. The closed circles and crosses are the ex-
perimental values for graphite and amorphous thin films,
respectively. The solid and dashed curves represent the
Brice curve fit [Eq. (6)] according to the second data-re-
duction scheme using 7,a,2z, (»’,a’,2’)=3.10, 0.501, 1.02
(3.40, 0.392, 1.37) for graphite (vapor-deposited amorp-
hous carbon).
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FIG. 3. Stopping cross section € (E) of carbon a parti-
cles. The upper curve is for graphite, and the lower
curve is for amorphous vapor-deposited carbon. The
solid portion of the upper curve is for the energy region
in which the iteration procedure (see text) and the Brice
curve fit apply and give identical values of € (E). The
dashed portion of the upper curve is the Brice curve fit
[Eq. (6)] with n,a,z2=3.10, 0.501, 1.02. The dotted curve
is the Brice fit for amorphous carbon with n’,a’,2’ =3.40,
0.392, 1.37. The cross hatching on the upper curve is
the estimated probable error in € (E) as given in Table I.
The thin-target measurements of € by Chu and Powers
(Ref. 9), Sautter and Zimmerman (Ref. 8), and by Porat
and Ramavataram (Ref. 7) are given, respectively, by
closed circles, triangles, and squares. The figure gives
clear evidence of the allotropic effect in carbon indicated
in the text.

amorphous carbon). In Fig. 3 the stopping cross
sections €(C) for graphite and amorphous vapor-
deposited carbon are shown as the upper and lower
curves, respectively. The solid portion of the
upper curve is for the energy region in which the
iteration procedure and the Brice curve fit apply
and give identical values of €(E). The dashed
portion of the upper curve is the Brice curve fit
with n,a,2 =3.10, 0.501, 1.02. These values of
€(E) are entered in Table I along with their esti-
mated probable error expressed as a percent
according to the discussion of Sec. IV. The dotted
curve in Fig. 3 is the Brice curve fit for amor-
phous carbon with »n’,a’,z’=3.40, 0.392, 1.37. The
agreement between the thin-film vapor-deposited
carbon €(E) of Chu and Powers® (probable error
+4.2%) and thin-film vapor-deposited €(E) pre-
sented here (dotted curve), but calculated by the
thick-target method, is quite good. The stopping
cross section €(E) of graphite, however, is
significantly higher than either previously re-
ported values, or the present measurements, for
vapor-deposited thin-carbon films.

The discrepancy between graphite ¢(E) and the
thin-film vapor-deposited €(E) is greatest
(~ 20%) in the energy region of maximum ¢(E),
the region in which electrons in the valence states
of C account for the bulk of the energy loss. The
graphite €(E) is still higher than vapor-deposited
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€(E) by ~6% for E>1.5 MeV. As explained in
Sec. IV, however, the probable error in this
region (=~ 5%) is also larger than that (~3.5%) at
lower energies. Since the error increases with
increasing energy, the curve should not be extra-
polated outside the energy region for which it was
measured. This increase in error with increasing
energy does not obviate the conclusion that the
stopping cross sections of these two allotropes of
carbon differ markedly below 1.0 MeV.

Although a comprehensive theory of stopping
cross sections is not available for the energy region
0.3<E_ < 2.0 MeV, the findings of this experiment
are not inconsistent with the results of electron
energy-loss measurements in the different allo-
tropes of carbon. Three types of electron excita-
tion are possible in carbon®: (i) single-electron
transitions from the K shell to the valence and
conduction bands; (ii) transitions (intraband and
interband) of valence electrons; and (iii) collective
or plasma oscillations® of the valence electrons.3®
The stopping cross section is ofter characteri-
zed®” by the mean excitation potential I. For K-
shell excitation, Walske®® has shown that as I,
increases, the stopping cross section decreases.
Egerton et al.®® have obtained from energy-loss
spectra the energy (> 280 eV) and density of final
states for excitation of K-shell electrons to the
valence and conduction bands in diamond, graphite,
and vapor-deposited carbon. The K-to-7 transi-
tion revealed a lower density of final states in
vapor-deposited carbon than in graphite. The exci-
tation potential is therefore slightly higher for
vapor-deposited carbon than for graphite, and the
stopping cross section would therefore be slightly
higher for graphite than for vapor-deposited
carbon. The predicted contribution from K-shell
excitation to the stopping cross section is in
agreement with that seen in the present experi-
ment.

Interband transitions of valence electrons ac-
count for electron energy losses® of 50-280 eV.
An overlap of valence and conduction bands is
indicated®® for graphite, but a larger band gap
occurs in diamond.*® Although the structure of
vapor-deposited thin-film carbon is not well
established, the structural model of Kakinoki
et al.'* would indicate a band structure, and
therefore, an excitation potential higher for vapor-
deposited carbon than graphite but lower than
diamond. Thus, the stopping cross section
(based on the Bethe-Bloch approach®’) for vapor-
deposited carbon would be less than that for
graphite since the contribution to / from the inter-
band transitions is greater for the former than
for the latter.

The above two effects (K-shell excitation and
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interband transitions) are consistent with a dis-
tinct chemical or allotropic effect in the stopping
cross section of carbon. The contribution from
the collective or plasmon excitations to the stop-
ping cross section for C does not explicitly
indicate whether the difference between graphite
and vapor-deposited stopping cross sections is
due to a density effect (as proposed by Ziegler

and Brodsky*! for Si, which is similar in chemical
structure to C) or to an allotropic or chemical
effect. The energies of this 7+ ¢ (=~ 25 eV) and

7 (=7 eV) excitations depend on the mean density
of electrons, 2! n, and the excitations observed in
diamond*? have a higher plasma frequency w, than
observed in graphite, while the relative strength
of the lower 7 excitation is less in vapor-deposited
carbon than in graphite.

Finally, it might be mentioned that Brandt*® pre-
dicted the mean excitation potential for graphite to
be 12% lower than carbon appearing in aliphatic
hydrocarbons. Single-bonded aliphatic hydrocar-
bons have been shown to give a carbon stopping
cross section (calculated from Bragg’s additivity

rule) that is in excellent agreement with the val-
ues of vapor-deposited carbon.®

Thus, it is seen that the results of this experi-
ment are in qualitative agreement with the results
of electron-energy-loss spectra and with hydro-
carbon stopping-cross-section measurements.
The present results suggest that an allotropic ef-
fect does indeed exist.
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