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Stopping cross sections of a particles for 12 solid elements Se, Y, Zr, Nb, Mo, Sb, Te, La, Dy, Ta,
W, and Au have been measured for 0.3 < E, < 2.0 MeV. Structure additional to that previously obtained
was observed, in the periodic dependence of the stopping cross section on the atomic number of
the stopping element. Good agreement in the periodic dependence of the structure was found when the
experimental results were compared to theoretical calculations based on Lindhard’s statistical approach,
carried out by Rousseau, Chu, and Powers. The energy dependence of the stopping cross section was
examined by fitting the experimental results to a three-parameter formula recently suggested by Brice.
The usefulness of this formula in extrapolating the results to energy regions outside the measurements

is investigated.

I. INTRODUCTION

The periodic dependence of the electronic stop-
ping cross section S, on the incident-ion atomic
number Z; has been observed at low energies in
atmospheric air and other gaseous media, in boron,
carbon, and aluminum films, and in tungsten, sili-
con, and gold crystals. It has been concluded' that
the positions of the oscillations are insensitive to
the choice of Z, of the stopping element. S, reaches
its maxima around Z; = 22 and 41 and its minima
around Z,=11, 30, and 50.2 The results and their
significance in terms of the atomic shell effects are
summarized by Cheshire and Poate.! A similar
phenomenon, namely, the Z, oscillation of S,, has
also been seen in measurements of S, for protons®=*
and « particles. *® This oscillation has its maxima
around Z,=8 and 22 and its minima around Z,=11
and 29, and its periodic structure has been well re-
produced in calculations of a-particle stopping
cross sections, based on Lindhard’s statistical ap-
proach, carried out by Rousseau, Chu, and Pow-
ers.® Hartree-Fock-Slater atomic wave functions
were used in their calculations; additional maxima
around Z,=40, 57, and 90 and minima around Z,
=46 and 79 were predicted.

A charged particle loses its energy in the stop-
ping medium by electronic and nuclear collisions.
The portion of energy loss due to the electronic
collisions, divided by the number of atoms in unit
area, is often referred as the electronic stopping
cross section of the medium. For larger Z;, and
with decreasing incident energy, the energy loss
due to the nuclear collisions gradually becomes
important. Experimentally it is more advantageous
to study the periodic dependence of S, on Z, rather
than on Z,, because for the former a smaller Z,
(protons or « particles, for instance) can be used,
and it is not necessary to subtract the nuclear con-
tribution® in order to deduce the electronic stopping
cross section. The present work was undertaken
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to measure S, for a particles in the Z; region not
covered in previous measurements, %% and to see
if the periodic structure also exists as predicted.
The energy dependence of S, was examined for each
element by fitting the data to a three-parameter
formula recently suggested by Brice. 1 One of the
parameters, z, is introduced in the modification of
Firsov’s method, and the others, » and a, are used
to enable a semiphenomenological extension to the
high-velocity region. As Brice has pointed out that
z is calculable from first principles, and a is
shown to be a linear function of the stopping atomic
size, therefore a systematic survey of these pa-
rameters for a series of elements may be interest-
ing. The plausibility of using the extracted param-
eters to calculate S, for other a-particle energies
is investigated. This extrapolation is shown to be
acceptable up to 10-MeV a-particle energy for
those elements, with which there are measured or
calculated values of S, available for comparison.
For other elements, for purposes of illustration,
the extrapolated stopping cross sections were com-
pared with the Bethe formula at higher energies.

II. EXPERIMENTAL METHOD

The experimental method consists of the elastic
scattering of « particles either from a thick Ta
backing onto which the stopping element has been
evaporated, or directly from the film of the stop-
ping element evaporated onto a thick Al backing.
The former method has been described in detail in
the measurements of a-particle stopping cross
sections for lower-Z, elements by Chu and Pow-
ers.® It involves measuring the energies of o par-
ticles elastically scattered by Ta atoms on the
front surface of a clean Ta blank and on that of
another Ta blank onto which the target element has
been evaporated. These two energies are denoted
by E, 5 and E,,, respectively. For the target ele-
ments whose atomic weights are significantly
greater than that of Al, the second method can be
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used. Ej; and E,, now correspond to the energies
of o particles elastically scattered by the stopping
atoms on the front and back surfaces of the target
film. From the scattering kinematics, one has

E 3 =kE,, where

po (Macost +(M? - M% sin%)* /2 \ 2 '
My+M

E, and M, are the incident energy and mass of the
a particle. 6=130° is the laboratory scattering
angle, and M is the mass of the Ta atom or the
vapor-deposited target atom, depending on whether
the target is prepared on Ta or Al backing, respec-
tively. The energy E;,, expressed in terms of the
energy losses AE; and AE; of the « particle before
and after its scattering, is 2(E, - AE;) - AE;=Egs
— (RAE, + AE,). The difference AE=Ezg — Ey is
therefore related to the stopping cross section S,
by

AFE coséb,

Nix = kSe(El) +SG(E2).

NAx is the number of target atoms in unit area, and
6, =25° is the angle between the incident beam and
the normal to the target surface. AE,; and AE; are
evaluated at their corresponding mean energies E,
and £, of the « particle before and after scatter-
ing. Since S, is a smooth function of energy, it is
sufficient to expand the right-hand side of this ex-
pression to the terms up to second derivative of S,
with respect to energy around an over-all mean
energy E,. The result is

2
AE cosf; _ kd"S, s _p )2 1
Nax(L+k) So(E) + 2dE? (Ba-0-E), (1)

where 6=AE/2(1 +%). E,is chosen to be equal to
(BEy +E,)/(1+E), so that the first-derivative term

vanishes. An approximate expression for E, given
by
E,- Egp +Ey +6 S(Ezp) — kS,(E,) @)

1+ S,(Ez0) +ES,(E,)

which includes corrections up to first-order small-
ness in both £, - E, and E, - E,, was used in data
reduction.

During target preparation, the backing blank of
known weight was covered by a steel plate with a
2.85-cm? circular opening and placed 25 cm from
the vapor source. The vacuum under which the
evaporation by resistance heating or electron-beam
bombardment were made, is better than 3x107 or
4x10°® torr, respectively. After deposition within
the above-mentioned area, the blank was weighed
again. The increase in weight divided by the area
gave the target thickness, and thus the number of
atoms in unit target area, NAx. Weighings were
done by means of a Mettler M-5 microbalance,
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which has an accuracy up to 1.5 pg. Further in-
formation concerning each of the target elements
used in this experiment is given in Table I. The
Al blank used as a target backing has been shown, 2
from its x-ray diffractometer pattern, tobe of poly-
crystalline structure; thus the possibility that the
target element evaporated onto it forms a single
crystal is small. The same situation is also ex-
pected for target elements prepared onto Ta back-
ings, because no detectable difference was found
between the stopping cross sections measured with
Al and Ta backings. One would expect a negligible
error from effects due to channeling in the target
elements.

The magnetically analyzed He* beam from a 2-
MV Van de Graaff accelerator was collimated to a
1.6-mm square before striking the target. The «
particles elastically scattered at 130° were de-
tected by a 100-u surface-barrier counter, colli-
mated by a 3X6-mm rectangular aperture 15 cm
from the beam spot. The signal from the detector,
through a preamplifier, linear amplifier, and a
biased amplifier, was analyzed by a 50-MHz 256 -
channel analyzer. The target orientation was so
fixed that the directions along both the incident and
detected a particles were 25° with respect to the
normal to the target surface. For lower bombard-
ing energies, because of the increase in the Ruther-
ford scattering cross section, the beam intensity
(typically ~ 100 nA) was reduced to keep the possi-
bility of pulse pileup in the analysis system neg-
ligibly small. Figure 1 shows the a-particle ener-
gy spectra obtained from bombardments on two
selenium targets, one prepared on an Al backing
and the other on a Ta backing. Spectrum (c) is
from scattering of « particles by a clean Ta blank.
The step indicated by C,5 corresponds to the « par-
ticles scattered from the front surface of the tar-
get, and its width is mainly due to the detector res-
olution, which is generally described by a normal
distribution. The « particles must traverse more
than twice the target thickness before they appear
in the spectrum at C,,. The detector resolution,
energy straggling, and multiple scattering may
contribute to the width of the step at Cp,. In the
present experimental conditions, the fluctuation in
a-particle energy from energy straggling, in addi-
tion to a small uncertainty in the scattering angles
caused by multiple scattering, is approximately
Gaussian. As one can demonstrate by folding a
step function with Gaussian distribution functions,
the position of the original step is actually well ap-
proximated by that of the midpoint obtained in the
manner illustrated in Figure 1. The energies cor-
responding to channel numbers C,z and Cy, there-
fore are given, respectively, by the previously de-
fined Ep5 and E,,. The energy at any other channel
in the spectrum can be determined by examining the
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TABLE I. Experimental details.
Number  Target thickness Stopping power
Evaporation Target of (ug/cm?) Number of 101% eV cm?)
Element® technique® backing targets range average data points Average® Error?
Se Ta boat Ta or Al 7 52-317 165 86 82.5 +2,.70
Y W or Ta Ta or Al 6 45-154 85 73 107.7 + 2,67
boat
Zr Electron beam Ta or Al 6 52-224 128 86 113.8 + 2,81
rf sputtering
Nb Electron beam Ta or Al 4 55-185 103 64 116.0 + 2,84
Mo Electron beam Ta or Al 7 34-218 124 88 109.1 +2,41
rf sputtering
Sb Ta boat Ta or Al 6 74-136 106 96 113.4 +2,91
Te Ta boat Ta or al 8 81-208 142 116 117.4 +2,55
La Ta boat Al 5 63-255 147 68 141.3 + 3,93
Dy Ta boat Al 4 111-239 172 72 119.5 + 3.21
Ta rf sputtering Al 3 148-299 199 50 113.0 + 2,42
w rf sputtering Al 4 156-351 252 44 110.9 + 2,36
Au Al,03-coated Al 5 128-190 157 77 120.4 + 2,56
Mo boat

3purity > 99. 5%.

bSpecific boat for evaporation by resistance heating is given. A carbon crucible was used for electron-beam bombard-
ment, rf sputtering was kindly carried out by R. Gooch.

CAverage over 0,3<E, <2,0 MeV,

9Mainly derived from rms deviation of the data to a fitted smooth eurve.

similar energy spectra taken at different bombard- L
ing energies. However, in order to have a reason- soolEa =807 Me PEman S
able separation between Cyz and C,,, large ampli-

fication was required, and one had to change the " 400132:‘11”:2' )
bias level of the biased amplifier from the run 2 L backing i
taken at one value of E, to another. To ensure that 3 o >

no extra nonlinearity was introduced by so doing, e F

and to facilitate the data reduction, three pulses of & [Eq =1750Mev ]
different voltage from a precision pulser were fed :I_)eoo—

in through the preamplifier and were analyzed every z o

time after a spectrum was taken. The voltage V5 S 719/em? se N

corresponding to channel C,; and the voltage per [-on Ta backing

channel dV/dC were computed. The energy per SN
voltage reading dE/dV still would have to be found 7 120 140 160 180 200 220 240
from the E,5 — V,5 correspondence established from CHANNEL  NUMBER

several runs at neighboring bombarding energies. FIG. 1. Energy spectra of a particles elastically scat-
This procedure of obtaining the energy per channel tered. at 6'=130°, The tar.get. orientation was so fixed.that
dE/dC = (dE/dV) (dV/dC) takes into account the ef- the directions along both incident and detected o particles

pxel

were 25° with respect to the normal to the target surface.
fect due to the energy variation of the stopping
cross section in the dead layer on the surface of the
counter. The quantity AE = Eyp — Esp = (dE/dC) (Cas
—C3), which is important for deriving the stopping
cross section, was then calculated.

To prevent La or Dy from oxidation, an aluminum
layer of approximately 15 pg/cm® was evaporated
on top of this chemically reactive target film, which
has already been prepared on a thick Al backing.
Because an « particle has to go through this pro-

Spectrum (a) describes o -particle scatteringby a selenium
target film prepared on an Al backing. The channel num-
bers Cyp and Cyp, i.e., the midpoints of the indicated
steps, correspond to scattering from the front and back
surfaces of the target film, respectively. Spectra (b)

and (c) were taken at the bombarding energy E,=1.750
MeV; they represent scattering from a clean Ta blank and
from another onto which selenium has been uniformly de-
posited. In this case, however, both Cy5 and Cy, corre-
spond to scattering by Ta atoms on the front surfaces of
the respective blanks.
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tecting layer twice before it gets detected, the en-
ergy E,p corresponding to channel number C,p is
now not exactly equal to 2E,. For calibration pur-
poses, elastic a-particle energy spectra from a
clean Ta blank were also taken. The energy per
channel dE/dC and therefore E,; were determined
using the similar procedure just described. Since
the difference between kE, and Egy is proportional
to the energy loss of a particles in the Al layer,
the layer thickness was obtained from a least-
squares fit of the quantities (2E, — E5) to the known
stopping cross section of o particles in Al.® From
this thickness, E,5 and AE, corresponding to the
case of no such Al layer, can be calculated.

For all the targets, the second terms in Egs. (1)
and (2) amount to corrections less than 2% and 10
keV in S,(E,) and E,, respectively. S, and E, were
computed by neglecting these terms and were then
fitted to a smooth curve (e.g., a polynomial of the
third degree), describing S, as a function of E,.
The quantities S,(E,), S,(Eg), and d®S,/dE?, eval-
uated from the smooth curve, were substituted into
the equations to deduce the final values for S, and
E,. The experimental error or spread shown in
Table I was assigned mainly from the rms devia-
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tion of the data points from the smooth curve. The
deviations obtained for elements Nb, Dy, and Ta
happened to be relatively small; they were suitably
increased to values that are comparable with those
for other elements, which are similar in method of
target preparation. In Fig. 2 the resulting stop-
ping cross sections are plotted as a function of a-
particle energy.

III. DATA ANALYSIS

In the low-velocity region for which the incident-
particle velocity v is much smaller than those of
the target atomic electrons, i.e., v<< Z,e?/I, it
has been found that the stopping cross section S,
can be satisfactorily described by S,=cv. This
velocity dependence of S, has been predicted by
Fermi and Teller'® and Lindhard et al. from con-
sidering the energy loss of charged particles in an
electron gas, and by Firsov'® from interpreting S,
as resulting from the deceleration of the particle
due to electron-flux exchange. Firsov’s method
has been widely used to calculate the constant of
proportionality ¢, using an electronic charge den-
sity derived from more realistic atomic wave func-
tions. These calculations have proved® very suc-
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FIG. 2. Stopping cross sections of a particles vs energy in Se, Y, Zr, Nb, Mo, Sb, Te, La, Dy, Ta, W, and Au.
The experimental error ranges from # 2.2 to 3.3% of the average stopping cross section for the corresponding element.
The solid curves were calculated from Brice’s formula using the parameters tabulated in Table II. For each element,
these parameters were obtained individually by a least-squares fit of the data to the formula.
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cessful in describing the Z, oscillations of S, ob-
served at low energies. In the high-velocity region
(v> Z,e%/%), on the other hand, S, is known to fol-
low the Bethe formula.!® Any analytic expression
for S,, which has the above-mentioned behavior in
the low- and high-velocity regions, could be com-
pared with the experimental results and be used to
predict S, in velocity regions for which no mea-
surement has been made. As will be discussed,
the formula given by Brice, ! i.e.,

szﬁ( Z,+2, )
5m \1+(av/vo)

2
X [61/z<_____2___30€3(+€5+31€)+21) +(10€+1)tan'1€1/2] ,
3)

with € = (v/2vy2)? and v, = e%/%, has approximately
the above-mentioned velocity dependence. This
expression contains three parameters, », a, and z,
and has been obtained using Firsov’s method. The
electron flux, however, is computed from a quan-
tum-mechanical definition using 1s hydrogenic
wave functions. Although, as Brice has indicated,
the basic physical arguments which have gone into
the derivation are relatively crude, and certainly
are not correct in the high-velocity region, ex-
pression (3) has been shown to agree with experi-
mental results covering a considerably large ve-
locity region, at least for stopping cross sections
measured in many gaseous media.

The energy dependence of S, measured in this
work was examined by a least-squares fit of the
experimental data points to expression (3). For
each target element, let the stopping cross section
measured at E,=E; be Y;; the parameters #, a,
and z were determined by minimizing the quantity

1 J
F=% E[Y, -S(E) @)

For a set of trial values of the parameters, S(E,)
is evaluated from expression (3). J, the total num-
ber of data points, and ¢% the square of the corre-
sponding error assigned, are tabulated in Table I.
Since it is relatively easy to compute the partial
derivatives of S with respect to the parameters,

the right-hand side of Eq. (4) was first linearized.?
The solution from minimization was iterated until
it became stationary. The error matrix'® D was
then calculated by inverting a matrix, directly con-
structed from the second partial derivatives of F
with respect to the parameters at the final solu-
tion. Table II lists the parameters corresponding
to this solution and the matrix elements of D. Stop-
ping cross sections calculated from these param-
eters are shown in Table III and Fig. 2. Because
the fits turned out to be extremely good, it was
tempting to extend the calculation to energies other
than 0.3=E_ =2.0 MeV.
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The statistical error AS in S can be computed
from the relation'®

- (2 o (S (2
+2 [ (%) (%Z) Do+ (Sﬁ-)(g-f-) Dy
@6 2] ®

and it is expected that AS/S increases as the ener-
gy moves farther away from the measured energy
region. At E,=0.128 and 8.0 MeV, for instance,
the quantities AS/S were found to be less than 3%
and 7%, respectively, for all the elements. Figure
3 shows the stopping cross sections in elements
Se, Ta, and Au for 0.1=E_,=10 MeV. The stop-
ping cross sections represented by the dashed cur-
ves were calculated at energies outside the mea-
sured energy region. In this extrapolation, a pos-
sible error other than the statistical one can occur
due to the possibility that Brice’s formula given by
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FIG. 3. Stopping cross sections of o particles in Se,
Ta, and Au for 0.1 <E, =10 MeV. The dashed curves,
extrapolated from their corresponding solid curves (also
shown in Fig. 2), were calculated from Brice’s formula
using the same parameters extracted from the least-
squares fits, The results from Whaling (Ref. 3), Nakata
(Ref. 19), Leminen (Ref. 1, where proper scaling was
made to the original proton stopping cross sections), and
Northcliffe and Schilling (Ref. 20) are included for com-
parison. They are given by closed circles, open circles,
triangles, and crosses, respectively.
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TABLE II. Summary of the parameters and error matrix obtained from the least-squares
fits of the experimental data to Brice’s formula.

Element

Error matrix®* (1074

n a z Dym Dg, D,, Dpe D, D,
Se 3.10 0.38 2.00 41.2 1,01  23.1 -6.12 28,1 -4.80
Y 3,51 0,361 1,93 23.4 0,189 507 —-1.92 9.34 —0.964
Zr 3.40 0.368 1.87 87.2 1,07  24.8 —9.49 45.1 -5.13
Nb 3.33 0.376 1.83 26.6 0,384 8.46 —2.94 13.0 -1.78
Mo 3.35 0.359 2.03 27.6 0,287 8.2l -2.67 13.8 -1.52
Sb 2.81 0.431 1.90 38,9 2.94 46.7 -10.4  40.7 —-11.7
Te 2,90 0,426 1.88 9.25 0.526  8.81  —2.06  8.02 -2.14
La 3.3¢ 0.371 2,00 29.4  0.433 12.4 -3.24 16.2 -2.29
Dy 3.19 0.324 2.85 56.9 0,429 30.7 ~4.60 37.6 -3.60
Ta 3.13 0,315 3.26 69.6  0.537 56.0 ~-5.76 57.4 -5.46
w 3.01 0.321 3.28 59.1  0.587 55.6 -5.51 52.3 -5.68
Au 3.05 0.308 3,38 54.3  0.356 38.9 —4,17 43,0 -3.7

| oo

aSymmetric, i.e., Dy =Dy, Dgn=Dp,, and Dy =D,,.

expression (3) might not be accurate in some par-
ticular energy region. As can be shown easily, the
stopping cross section from expression (3) becomes
proportional to » in the low-velocity region. Since
the low-velocity stopping cross section can be sat-
isfactorily described by S,=cv, as mentioned ear-
lier, one would expect a small error in the extrap-
olation for the energy region 0.1 <E_ =0.3 MeV.
For 2.0=E_,=10 MeV, the curves shown in Fig. 3
agree reasonably well with other results, 3!%-2! in-
dicating that the extrapolation in this energy inter-
val is acceptable, at least for the elements Se, Ta,
and Au.

For other elements there are practically no
stopping cross sections available to compare with
the extrapolation. In order to illustrate the use-
fulness of expression (3) for the elements in gen-
eral, extrapolated stopping cross sections were
compared with the Bethe formula,

2 4
§'= 4nZie® 1

T 2 (inx+nmofzy/ D) ©

expressed in terms of an energy variable

x=v%/2 zvg. For high velocities, S of expression
(3) varies as vz"', a power-law dependence. Be-
cause S’ can be approximated by a power-law de-
pendence only for a fixed finite energy interval, it
is not surprising to find that the mean excitation
energy per electron I/Z,, obtained by equating S
and S’, depends on the choice of x. The values of
x at the matching points, however, can be fixed by
further requiring that the slopes of S and S’ at x
also agree, and were found, except for elements
Sb and Te, to correspond to the a-particle ener-
gies greater than 8.0 MeV. The I/Z, estimated
from these matching points are 12.6+1.4, 16.9
+3.2, 17.3+8.6, 12.6+2.6, 15.8+3.7, 7.7+0.4,
8.0+0.3, 14.4+3.7, 13.2+3.4, 14.8+3.6, 11.6
+1.7, and 10.6+1.9 eV, respectively, for ele-

ments Se, Y, Zr, Nb, Mo, Sb, Te, La, Dy, Ta,
W, and Au. The errors were merely computed
from relation (5), and therefore include the statis-
tical errors only. Surprisingly, the values for
1/Z, turn out to be quite comparable with those cal-

TABLE III. Stopping cross sections for a particles, *

Energy Se Y Zr Nb Mo Sb
(MeV) (3.3%) (2.5%) @2.5%) 2.4%) @2.5%) (2.6%)
0.3 76.2 98.6 103.8 106.8 97.3 107.3
0.4 83.2 110.0 115.4 118.1 108.2 115.0
0.5 87.3 116.8 122.4 124.8 115.0 119.1
0.6 89.4 120.4 126.0 128.2 118.7 121.0
0.7 90.0 121.6 127.2 129.2 120.3 121.4
0.8 89.8 121.1 126.8 128.7 120.4 121.0
0.9 89.0 119.5 125.4 127.2 119.5 120.0
1.0 87.8 117.3 123.2 125.1 117.8 118.7
1.1 86.4 114.6 120.7 122.5 115.8 117.2
1.2 84.9 111.6 117.9 119.8 113.4 115.6
1.3 83.3 108.6 114.9 116.9 110.9 113.9
1.4 81.6 105.5 112.0 114.0 108. 4 112.2
1.5 80.0 102.5 109.1 111.2 105.8 110.5
1.6 78.4 99.6 106. 2 108.4 103.3 108.9
1.7 76.8 96.7 103.4 105.7 100.8 107.2
1.8 75.3 93.9 100.7 103.0 98.4 105.7
1.9 73.8 91.3 98.2 100.5 96.1 104.2
2.0 72.4 88.8 95.7 98.1 93.8 102.7

Energy Te La Dy Ta w Au
MeV) (2.2%)  @.8%)  @.7%) (2.2%)  (2.2%)  (2.2%)
0.3 113.0 131.1 100.2 94.5 93.3 98.0
0.4 121.3 114.7 111.5 104.8 102.9 108.8
0.5 125.5 152.6 119.0 111.8 109.4 116.4
0.6 127.2 156.5 123.9 116.3 113.6 121.5
0.7 127.3 157.7 126.7 119.1 116.1 124.8
0.8 126.5 156.9 128.1 120.5 117.4 126.7
0.9 125.1 155.0 128.4 120.9 117.8 127.6
1.0 123.4 152.3 127.9 120.6 117.6 127.8
1.1 121.5 149.2 126.8 119.8 116.9 127.4
1.2 119.4 145.7 125.4 118.6 115.9 126.6
1.3 117.3 142.2 123.7 117.1 114.7 125.4
1.4 115.3 138.6 121.8 115.5 113.3 124.1
1.5 113.2 135.1 119.8 113.8 111.8 122.6
1.6 111.2 131.7 117.7 112.0 110.3 121.1
1.7 109.3 128.3 115.6 110.1 108.7 119.4
1.8 107.4 125.1 113.5 108.3 107.1 117.7
1.9 105.6 122.0 111.5 106.4 105.5 116.1
2.0 103.9 119.0 109.5 104.6 103.9 114.4

aStopping cross sections are given in units of 10715 eV
cm?. The numbers in parentheses under the elements
are the averaged percentage error.
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culated by Chu and Powers® and those for Ta and
W recommended by Bichsel.® For Sb and Te both
the value and the slope of S match those of S’ at a-
particle energies 3.2 and 5.0 MeV, respectively.
Since it is not clear whether the inner-shell cor-
rections to expression (6) could be neglected at
these low energies, in spite of the small statistical
errors, the estimated I/Z, for these two elements
may not be as good as for the others.

For all the elements studied, it was generally
observed that S becomes systematically higher than
S’ when y reaches values greater than that of the
matching point. The size of this discrepancy
should be estimated, using some reasonable value
for I/Z,, before one decides to take the stopping
cross section, extrapolated from Brice’s formula
at high energy. The limitation, as mentioned ear-
lier, is due to the difficulty that one cannot approx-
imate the Bethe formula by a simple power-law de-
pendence over too wide an energy interval.

IV. DISCUSSION

The quantum-mechanical theory of energy loss
was developed by Bethe'® around 1930. It works
successfully in the velocity region for which v
> Z,e%/f. The mean excitation energy I is the only
parameter needed to characterize the Bethe formu-
la. The problem, however, becomes very involved
when one tries to estimate I or to extend the formu-
la to the lower-velocity region by applying the in-
ner-shell corrections. As has been shown by Lind-
hard and Schaff, # the statistical method they de-
veloped can give a fairly accurate description of
the energy-loss phenomena. Along this direction,
Rousseau, Chu, and Powers”® have calculated the
a-particle stopping cross sections for all the ele-
ments throughout the periodic table. Their results
are shown for E,=0.8 and 2.0 MeV in Fig. 4. In
addition to the data obtained in this work for 12 el-
ements, data for Si and Ge, # for Be, C, Mg, Al,
Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Pd, Ag, In, and
Sn,  for He, Ne, Kr, and Xe, !° for H, N, and O, #
and for F, Cl, Br, and I? are included in the fig-
ure for comparison. The positions of extrema in
the oscillatory Z; dependence of S, appear to be
identical to those found in the Z, dependence. The
minima at atomic numbers 11, 30, 46, 50, and 79
occur for those elements having closed or almost
closed shells, while the maxima at 8, 22, and 41
correspond to elements whose 2p, [4s, 3d], and [5s,
4d) shells, respectively, are about half-filled. The
maxima found at 57 and predicted at 90 have differ-
ent characteristics, and are interesting because
the elements following them are beginning to fill
the 4f and 5f subshells. Considering the degenerate
[6s, 4f, 5d] or [7s, 5f, 6d] as a shell, the shells for
elements 57 and 90, however, are by no means
close to half-filled. The experimental-theoretical
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agreement in the periodic dependence of S, on Z,
shown in Fig. 4 is indicative that the statistical ap-
proach is actually quite effective. Further support
for this approach has also been reported by Chu
and Powers, 22 who have calculated the mean excita-
tion energies for all elements. The calculated I/Z,
versus Z, reveals structure observed in many ex-
periments.

Lindhard’s statistical approach starts from a
well -established result from plasma theory, name-
ly, the energy loss of charged particles in a uni-
form electron gas. As Fano?® has pointed out, a
difficulty was encountered when this result is ap-
plied to atomic electrons. The plasma theory as-
sumes that the average electron density is nearly
constant over a wavelength of the plasma oscilla-
tion, a condition which is not verified in the inter-
ior of atoms. However, it is believed that the se-
ries of systematic measurements of a-particle
stopping cross sections, of which this work consti-
tutes a part, would be helpful to understand why
the method works.

We have shown that it is possible to parametrize
the measured a-particle stopping cross sections by
three parameters using Brice’s formula. These
parameters, from the error matrix obtained in the
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FIG. 4. «-particle stopping cross section vs the stop-
ping-element atomic number Z, at 0.8 and 2.0 MeV.
The solid curves are taken from the calculations based on
Lindhard’s statistical approach, carried out by Rousseau,
Chu, and Powers (Refs. 7 and 8). Open and closed sym-
bols, respectively, correspond to the 0. 8- and 2, 0-MeV
data. The stopping cross sections S, measured in this
work are given by circles. The S,, measured in other
solid elements and represented by circles with bars and
squares, respectively, are taken from Refs. 25 and 6.
Those from normal gases (Ref. 10) are given by inverted
triangles. Finally, the triangles represent the S, de-
rived from the molecular stopping-cross-section measure-
ments of Refs. 26 and 27.



1888 LIN, OLSON,

least-squares fit, were found not to be independent.
It still would be interesting to carry out a system-
atic survey on the Z, dependence of the three pa-
rameters for more elements, and to see how the
parameters are related to the electronic properties
of the stopping atom. The stopping cross sections
calculated from Brice’s formula were found to be
acceptable for those a-particle energies which
were not very much greater than the energy at
which both the values and slopes of the stopping
cross sections given by Brice’s formula and
Bethe’s formula matched. For higher energies the

AND POWERS

| oo

former was found to deviate from the latter.
Therefore one could not really say that Brice’s
formula generally gives quite accurate stopping
cross sections for incident energies up to 10 MeV/
amu, as suggested by Brice.
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