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Stopping cross sections of a particles in Au and Ag have been obtained for 0.3 < E, < 2.0 MeV.
The experimental method consists of measuring the energy spectra of a particles elastically scattered
from thick targets. The experimental details as well as the method for extracting the stopping cross
section from measured energy spectra are discussed. The results are found to be in good agreement

with those previously obtained using thin targets.

I. INTRODUCTION

The measurement of the stopping cross section
€= -dE/Ndx usually requires the determination
of both the number of stopping atoms per unit area
NAx, and the corresponding energy loss AE to the
moving charged particle. In the work reported by
Chu and Powers® and recently by Lin et al.,%% a
thin film of the solid stopping element was pre-
pared by vacuum evaporation within a known area
onto a Ta or Al backing. NAx was obtained from
the weight of the target element deposited on the
area. The energy loss AE was related kinemat -
cally to the difference in energies of the aparticles
scattered by Ta atoms on the front surface of a
clean Ta blank and on another blank onto which the
target element had been evaporated. For the
stopping elements whose atomic weights are sig-
nificantly greater than that of Al, an Al backing
was also used. In this case, however, the deter-
mination of AE was made from the difference in
energies of a particles scattered by the target
atoms on the front and back surfaces of the target
film. On many occasions, it becomes rather dif -
ficult to prepare a thin film by vacuum evapora-
tion and to determine its corresponding NAx by
weighing. Chemically reactive elements oxidize
readily in the weighing process; laborious radia-
tion safety precautions are required for evapora-
tion of the radioactive element; and the crystal
structure usually cannot be preserved when the
stopping element is being vapor-deposited on some
substrates.

This work was undertaken to measure the a-
particle stopping cross sections of Au and Ag from
thick targets. The thick-target method avoids the
necessity for a determination of NAx, and was
used previously by Wenzel and Whaling* in their
measurement of the proton stopping cross section
of ice. The energy spectrum of protons elasti-
cally scattered by the oxygen atoms in ice was ob-
tained by a double-focusing magnetic spectrom-
eter, whose angular and energy resolution were
accurately known. In the present work, a surface-

10

barrier counter was used instead to record the a-
particle energy spectrum. The thick-target meth-
od was found to be quite efficient, when due pre-
caution was taken for charge collection, energy
calibration, and dead-time effects. The reason
for choosing Au and Ag to start with is that they
are chemically stable and easily prepared by vac-
uum evaporation. The properties of gold films

on solid substrates are of great technological im-
portance; the determination of these properties
requires a reliable stopping-cross-section mea-
surement of Au, if the backscattering technique

is to be used. The a-particle stopping cross sec-
tion of Au has been recently remeasured by Bor-
ders® and by Lin ef al.? using thin targets. Al-
though their error bars overlapped, the data given
in Ref. 5 appeared to be systematically lower than
data given in Ref. 2. The results of the present
work offer an additional independent check to those
measurements.

II. EXPERIMENTAL METHOD

When an «a particle of energy E, = E,  traverses
a thick target at an angle 6, with respect to the
normal to the target surface, it slows down and
may also encounter scattering by the stopping
atoms. Let E;g and E,g, respectively, be the a-
particle energies just before and after scattering
at a laboratory angle 6 and depth S beneath the
target surface. The scattered a particle will con-
tinue to be slowed down before it emerges from
the target. In the continuous slowing-down ap-
proximation (csda), ® the energy E,q of the detected
a particles is related to the incident energy E,q by

1 E10 gE
Ssecel-N s €B)
and

1 (%2 dE
Ssecez-Nj;20 (B

where 6,=m - 6 - 6, and N is the number of stop-
ping atoms per unit volume. The stopping cross
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section €(E) as a function of particle energy is to
be determined. By differentiation of these integrals,
one obtains the following two useful relationships,

_ds _ _ €(E,g) cos 6y )
dEzo N((Ezg)[ ai(ElS) + B€(EZS )]

and
dE\g _ €(Eys )e(Eys)

dEsy  €(Ep)| ae(Eys) + Be(Eys)] @)

where B=cos#6,/ cosé, and the kinematic factor a
describing scattering of « particles of mass M, by
stopping atoms of mass M is

oo 9Ezs _ (Ma cosf+ (M2 - M2 sin® 9)“2>2
dE;s M, +M

The scattering yield per unit energy interval can
be written with the use of expression (1) as

~ do N as
Y(Eqq, Ego) = NyAQ dS2 cosb; |dEs
= NDAQ Eiﬂ E(EZS) (3)

dQ €(Ey)| @e(Eyg) + Be(Eys)]

N, and AQ are, respectively, the number of inci-
dent « particles and the solid angle subtended by
the detector. The scattering cross section do/d
is understood to be a function of E;5 and 6. As has
been demonstrated by Smith e al.” and Wijngaarden
et al,%the scattering of @ particles by the target
atom, at an energy well below the Coulomb barrier,
can be accurately described by the classical scat-
tering from a shell-shielded Coulomb potential,
with a screening distance d equal to two times the
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Thomas -Fermi parameter. The corresponding
scattering cross section has a simple analytic ex-
pression as

d_o=(gq) < 1+b/2d )2 4)
d@ \dQ/g \1+(6/d) +b%/4d%sin’ 36,) ’

where b=Z2,Ze*(1+M,/M)/E,g, with Z,and Z rep-
resenting the atomic number of the « particle and
the target atom, is the distance of closest approach
in a head-on collision. The Rutherford cross sec-
tion (do/df) and the factor sin’16, are expressed
in terms of the laboratory scattering angle 6, re-
spectively, as

(g_c_r __ZiZ%"
dQY)r  4Eissin’e

(M cos6+(m® - M2 sin®6) P
MM?® - MZ sin®6)?

and

sin®46, =[(M, + M)/2M](1 - a*/? cos6) .

The classical scattering cross section derived
from the shell-shielded Coulomb potential was
used although it deviated from the Rutherford scat-
tering cross section by less than 3% in the energy
range of interest. The magnetically analyzed He*
beam (typically ~ 100 nA) from a 2-MV Van de
Graaff accelerator was collimated to a 1. 6-mm
square before striking the target. The a particles
elastically scattered at §=130° were detected by

a 100-pm surface-barrier counter, collimated by
a circular aperture of 13.7-mm diameter, 13.8 cm
from the beam spot. Figure 1 shows the detection

FIG. 1. Detection geom-
etry and electron suppres-
sion system. The electron
trap consists of two paral-
lel plates with one grounded
and the other biased at
—450 V. The electric field
is perpendicular to the
plane of the figure. The
target rod and the electron
suppression screen, shown
as a dotted circle, are, re-
spectively, held at +and
° —450 V. The laboratory

° scattering angle 6 =130° is

° equal to m—6; — 8,, where
b 6, =60, =25° are the angles,
° respectively, of the inci-
o

dent and detected @ parti-
cles with respect to the
normal to the target sur-
face.
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FIG. 2. Calibration of
the current integrator.
The factor 7 is equal to the
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measured scattering yield
from a reference thin tar-
get of known areal density
divided by the yield calcu-
lated by taking the total
charge from the current
integrator reading, Q.

The number of incident o
particles which strike the
target during the run times
the solid angle subtended
by the detector, repre-
sented by the product N,AQ,
is related to n and @ by ex-

1.0
ENERGY (MeV)

geometry and the arrangement of the electron sup-
pression system. The electron trap, consisting of
a grounded plate 6. 35 mm above the lower plate
biased at —450 V, collected the secondary elec-
trons produced by the beam-collimating slits.

The same negative voltage was also applied to the
cylindrical suppression screen of 5.08-cm diam-
eter to help prevent the secondary electrons gener-
ated at the target from eseaping. The target rod
itself was held at +450 V above the ground. An
Elcor current integrator was used to monitor the
total charge that accumulated from a He* beam on
the target during the run. An absolute calibration
of the integrator would be necessary if N, were
measured this way. An alternate procedure was
used instead, which involved the measurement,
under the same experimental condition with which
a thick-target spectrum was taken, of the scatter-
ing yield from the bombardment of a thin Au or Ag
target of known NAx. The reference thin target
was, typically, 60 pg/cm? thick and involved a
maximum energy loss of 27 keV in the target based
on previously measured stopping powers of Au or
Ag. The thin target was arbitrarily divided into

50 small layers of equal thickness, the mean ener-
gy in each layer was calculated, and the reference-
thin-target yield was obtained by summing the
yields from each of the 50 layers in the target.
The ratio of this scattering yield to that calculated
by assuming the total charge to be indicated by the
current integrator is given by a factor n which is
plotted in Fig. 2. This factor n was found to be
fairly constant within + 3% for 0.4=< E, = 2.2 MeV,
and was also found to be quite insensitive to the
value of the Au or Ag stopping power used in cal-
culating the mean energy in each of the 50 layers

pression (5). The dashed
line is the mean of all the
measured values and the
error bars correspond to
the 3% deviation from the
mean value.

into which the reference thin target was subdivided.
The product N, A needed for expression (3) is thereby
found to be

N,AQ=6.148x10%Q , (5)

for the detection geometry used in this work. The
quantity @, expressed in uC, is the integrated
charge as indicated by the current integrator. The
importance of an accurate measurement of N, and
A in nuclear elastic scattering experiments is
noted. *:°

The signal from the detector, through a pre-
amplifier and a linear amplifier, was analyzed by
a 50-MHz 256-channel analyzer. The output of
the linear amplifier was branched to a single-
channel analyzer. Pulses above a preset lower
discrimination level were counted by a fast scaler
and were also used to gate the multichannel ana-
lyzer. The total number of counts integrated from
the analyzer spectrum divided by that counted by
the scaler provided a reliable quantity for dead-
time correction for the analyzing system. Since
the energy E,, of expression (3) is always less than
or equal to E,z = @E,, the analyzer spectrum has
a step at its high-energy end. The width of the
step is due mainly to the detector resolution. The
energy corresponding to channel number C,p at
the midpoint? of the step is identical to E,z. The
energy at any other channel in the spectrum can
be determined by examining the similar spectra
taken at neighboring bombarding energies. How-
ever, in order to use a suitable common amplifier
gain for taking all the spectra at 0.4=< E;,= 2.0
MeV, the input threshold and the digital offset of
the multichannel analyzer had to be changed from
the run taken at one value of E,, to another. To
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FIG. 3. Energy calibra-
tion for the surface-bar-
rier counter. Three to
five pulses of different

VzB/Eza(mV/MeV)

voltage from a precision
pulser were fed in through the
preamplifier and analyzed
in the multichannel anal-
yzer. By doing so, one
was able to determine the
voltage per channel, dV/dC,
and also the voltage Vyg
corresponding to the mid-
point of the high-energy
step of each analyzer spec-
trum. Since the energy cor-
responding to Vyg is Eyg,
the ratio V,53/E,3 measures
the linearity of the counter.
The fact that the ratio de-
viates so much from a
straight line indicates the
effects due to the dead layer
and other pulse-height de-
fect mechanisms in the sur-
face-barrier detector.

The result obtained from
fitting the data points to a

05 1.0
ENERGY (MeV)

facilitate the energy calibration, three to five
pulses of different voltage from a precision pulser
were fed through the preamplifier and analyzed
every time after a spectrum was taken. The
voltage per channel, dV/dC, and thus the voltage
V2p corresponding to channel number C,z were
computed. Figure 3 shows the ratio V,p/E;p Ob-
tained for different energies. The fact that it
changes by about 15% over the entire energy range
indicates the importance of effects due to the dead
layer and other pulse-height defect mechanisms of
a surface-barrier counter. A third-degree poly-
nomial curve fit was made to the measured values
of Vy5/E,p in Fig. 3. From this curve the energy
per voltage interval dE/dV and subsequently the
energy per channel dE/dC=(dE/dV)(dV/dC) were
determined. From this function dE/dC and the
condition that E= E,5 at C= Cypg, the analyzer
spectrum containing the counts per channel can

be readily transformed into the energy spectrum
to represent the counts detected within an energy
interval AE. Several of these energy spectra,
which cover a larger energy range, are shown in
Figs. 4 and 5.

third-degree polynomial of
2.0 energy is shown by the
curve, from which the en-
ergy per unit voltage inter-
val, dE/dV, was derived.
The energy per channel,
dE/dC =(dE/dV)(dV/dC),
was then computed.

III. DATA ANALYSIS

In addition to the detector resolution mentioned
previously, both the energy straggling and multi-
ple scattering may also cause fluctuations in a-
particle energy. An energy spectrum to be rep-
resented by Y(E,q, E55), such as one shown in Figs.
4 and 5, should be compared with expression (3)
folded in with a response function which includes
these effects. It will be shown in the development
which follows, however, that by limiting the de-
tected energy spectrum to energies E,; between
E,~ aE;;-0.1 MeV and E,5= QEy,, that both mul-
tiple scattering and energy straggling contribute
small errors (<2%) to the scattering yield. The
response function is thereby adequately represented
by the Gaussian detection response function

AE 1 1 (Eg - EV
Y(Ewo, Ezo) = Gy f 3(E) exP[‘E( o(E) )]
Xy (Em» E)dE , (6)

where AE is now the unit energy interval used in
the transformation of the analyzer spectrum to the
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_j FIG. 4. Energy spectra
from bombardment of a
— particles on thick Au tar-
— gets. From a total of 43
spectra taken, the three
n shown cover the widest en-
i ergy region. The transfor-
- mation from the actual anal-
yzer spectra to these spec-
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ried out with the energy cali-
bration shown in Fig. 3. E,
- and @, which label the spec-
- trum are, respectively, the
incident energy and the total
charge indicated by the inte-
- grator. The curves Y, were
1 calculated using the stopping

y L

1.0 Il

cross section generated by
the parameters (z,a, z)
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] =(2.83, 0.337, 3.15). As
] discussed in the text, the
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- amount of disagreement be-
tween the measured energy
- spectrum Y and the calcu-
—_ lated energy spectrum Y, for
E,=0.5 MeV is still within
the error assigned for this

O
-
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energy spectrum Y, and the variance 8 is due to
the finite detector resolution. As for multiple
scattering, the « particle gradually diverges about
its original direction in the stopping medium. The
mean-square angle of divergence!? is approximate-
ly proportional to a quantity equal to the a-particle
energy loss due to the nuclear collisions divided
by its initial energy. The root-mean-square

angle of divergence, a measure of the uncertainty
in angle at which the « particle is scattered, in-
creases as the a particle penetrates deeper inside
the target. Since both the scattering yield and the
kinematic factor @ are larger for smaller scatter-
ing angles, the energy fluctuation due to multiple
scattering will deviate from the symmetric Gauss-
ian distribution and cause an increase in the
scattering yield, as the rms angle of divergence
becomes sufficiently large. To avoid the possible
complication owing to this increase in scattering
yield, expression (6) was calculated only for the
values of E,y between a cutoff energy E, >~ QE;,
—-0.1 MeV and E,5 = @E;y to compare with the cor-
responding part of the measured energy spectrum.
The errors incurred were estimated for E,q

work.

= 0.4 MeV, using the results given in Ref. 8, to
be less than 2% and 1% for Au and Ag, respectively.
The effect of energy straggling is to degrade
the energy resolution of both incident and scattered
a particles, ® which may cause a noticeable in-
crease or decrease in the yield for E,y values con-
siderably less than E,z= @E;,. For target thick-
nesses contributing to the spectrum from E,g to
E,~ aE;;—0.1 MeV, a simple calculation shows
that energy straggling is not important. The re-
cent energy straggling measurements of Harris
et al.* for 1 to 2-MeV a particles in Pt (Z="178)
give a good approximation to the energy straggling
in Au(Z=179). For the geometry of the present
experiment, their measurements predict a maxi-
mum energy straggling of approximately 5 keV,
which when added in quadrature to the instrumental
(detection system) resolution (typically 12-14 keV),
gives a negligible contribution. Further evidence
of the relative insignificance of both multiple scat-
tering and energy straggling is seen in the re-
markably close fits between calculated and ob-
served spectra for a much larger energy spread
in E,; than that used in the analysis of this paper.
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The spectra of Figs. 4 and 5, for example, cover
an energy spread in E, from =~ E;; — 0.3 MeV to
E,p (three times greater than that actually used

in the analysis), and yet the deviation between cal-
culated and observed spectrum at Epy~ E,5~0.3
MeV is still typically <3%. Consequently, multi-
ple scattering and energy straggling contribute a
negligible effect to the values of stopping cross
sections of Au and Ag obtained by the present ex-
perimental method.

As can be seen from expression (3), the function
y(Eyo, E) appearing in the integrand of expression
(6) varies very slowly over the energy region re-
quired for the integration. The calculated energy
spectrum Y, therefore turns out to be not very
sensitive to any slow energy dependence of 6. In
this analysis, the integration in expression (6) was
considerably simplified by assuming a constant
value of §, which was determined for each spec-
trum by fitting the high-energy end of the energy
spectrum to the expression. For this purpose
y(Eyg, E) was taken to be a linear function of E.

To extract the stopping cross section g, it was
found?'® convenient to parameterize € by a formula

given by Brice'? as

ant zZ +2 (

_4n’ vz 30x2+53x+ 21
" 5m 1+ (av/ve) *

3(x+1)°

€

+(10x+1) tan‘1x1/2> , (7)

where x=(v/2v9z)?, vo=e?/#, and the a-particle
velocity and the electronic mass are denoted by v
and m, respectively. The formula contains three
parameters, namely n, a, and z, and has been
shown?'3:!2 to fit a-particle stopping cross sections
for 0.3-2.0 MeV for a variety of substances to
better than 3%. With the product N¥,AQ and the
scattering cross section do/dS, respectively,
given by expressions (5) and (4), the function
y(Eyq, Ezp) for a given set of these parameters can
be evaluated from formula (7) as a function of E,,
once the energies E,5 and thus E,; = @E,5 are de-
termined. From the initial condition that E g = Eq
and Ey;= E,p, the value for E;g corresponding to
other values of E,y was obtained by solving nu-
merically the differential equation (2). The stop-
ping cross section was obtained by first deter-
mining the set of parameters which minimized the
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TABLE 1. Stopping cross sections of Ag and Au for « particles.

Ag Au
Energy dE/pdx € dE /p dx €
(MeV)  (keVem®/pg) (10 eVem®)  (keVemi/wg)  (1071° eV em?)

0.3 0.502 89.8 0.306 100.2

0.4 0.555 99.3 0.335 109.7

0.5 0.589 105.5 0.354 116.0

0.6 0.610 109.3 0.366 119.9

0.7 0,622 111.4 0.374 122,3

0.8 0.627 112.2 0.377 123.5

0.9 0.627 112.2 0.379 124.0

1.0 0.623 111.5 0.378 123.8

1.1 0.617 110.5 0.376 123.2

1.2 0.609 109.1 0.374 122.4

1.3 0.601 107.6 0.371 121.3

1.4 0.591 105.9 0.367 120.1

1.5 0.582 104.2 0.363 118.8

1.6 0.572 102.5 0.359 117.5

1.7 0.562 100.7 0.355 116.1

1.8 0.552 99.0 0.350 114.7

1.9 0.543 97.3 0.346 113.3

2.0 0.534 95.6 0.342 112.0

quantity pared with the results obtained from thin-target
I B measurements’?:**1*=1¢ in Figs. 6 and 7. Perhaps
F:Z f [Y(E;, Es) — Y (E;, E0) P dEs , (8) it is worthwhile to mention again that the present

i=1 “Ec stopping cross section was derived from a total of

where E;p= @E;, with j labeling the energy E,,=E;
at which the energy spectrum Y was measured and
the calculated energy spectrum Y, was made. The
cutoff energy E,, as has been explained, was taken
to be around E,z —0.1 MeV. The total number of
spectra J included in the least-squares fitting is

43 (40) for Au (Ag). To simplify the minimization
procedure for expression (8), the function y(E;, E)
in expression (6) for the evaluation of Y, (E;, Eg) was
written as

IEENy.a.e = WE;, B) &

s + =) 5

8y 8y
+{a —ap) %y +(z = zg) 52

in terms of the function and its partial derivatives
with respect to the parameters, evaluated at a
starting set of values ng, ay, and z,. The vector
(n —ng,a —ag, z — 2z9), determined by the standard
method of the linear least-squares fit!® plus the
starting set (ng,aq, z9), gave a new set of param-
eters. The solution was then iterated until it be-
came stationary. The parameters corresponding
to the final solution were n=2.83 (3.10), ¢=0. 337
(0.352), and z=3.15 (2.32) for Au (Ag). The
stopping cross sections obtained from these param-
eters are tabulated in 0.1-MeV intervalsin Tablel.
The stopping cross sections calculated from
these parameters by using formula (7) are com-

more than 40 measured energy spectra. If one
assumed that the stopping cross section suitable to
describe each individual spectrum was instead
equal to that shown in Figs. 6 or 7 multiplied by a
constant, the constant could be easily determined
for each spectrum from a simpler procedure than
the least-squares fit. In so doing one determines
the stopping cross section necessary to predict cor-
rectly each individual spectrum. The rms devia-
tion of the constant of multiplication from unity was
found to be less than 3% for both Au and Ag.

The curves shown in Figs. 4 and 5, along with
the measured energy spectra, represent the cal-
culated energy spectra using the above-mentioned
parameters corresponding to the final solution to
the minimization of expression (8). Even though
the minimization was restricted only to an interval
of 100 keV in the high-energy ends of the spectra,
the calculation actually predicted quite well larger
portions of the spectra. The 0.5-MeV measured
spectrum for Au shown in Fig. 4 was higher than
the calculated one by about 3% in the energy inter-
val E,= Eyy=E,z, and it may be tempting to at-
tribute this discrepancy to the increase in scatter-
ing yield from multiple scattering or energy
straggling, which had not been corrected for in the
calculation. However, since the factor 5, which
appears in expression (5) and is shown in Fig. 2,
was only determined within + 3%, the discrepancy
shown in the 0.5-MeV spectrum is still consistent
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FIG. 6. Stopping cross section of o particles vs energy in Au. The solid curve and the extended dashed portions were
calculated from formula (7) using the parameters (n,a, z) =(2.83, 0.337, 3.15). These parameters were obtained from
a total of 43 energy spectra of the type shown in Fig. 4 by minimizing the quantity given by expression (8). The results
from thin-target measurements by Lin et al. (Ref. 2), Borders (Ref. 5), Porat and Ramavataram (Ref. 15), Gobeli (Ref.
14), and Allison and Warshaw (Ref. 16) are included for comparison. They are shown by closed circles (@), open circles
(©), squares (W), inverted triangles (v), and triangles (a), respectively.

with the accuracy one could assign to this work. the various quantities which have entered into the
evaluation of expressions (3) and (6). Because we
1V. DISCUSSION were able to fit simultaneously many spectra with
the stopping cross section generated by expression
The experimental uncertainties which limit the (7) with the final set of three parameters only,
accuracy of our measurements can be traced to the use of expression (4) for the scattering cross
40 FIG. 7. Stopping cross

section of o particles vs en-
ergy in Ag. The solid curve
and its extended dashed por-
tions were calculated from
formula (7) using the pa-
rameters (n,a,z) =(3.10,
0.352, 2.32), These pa-
rameters were obtained
from a total of 40 energy
spectra of the type shown
in Fig. 5 by minimizing the
quantity defined by expres-
sion (8). The results from
thin-target measurements
by Chu and Powers (Ref. 1)
_J Porat and Ramavataram
20~ (Ref. 15), and Gobeli (Ref.
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section and the assumption for a constant value of
o for each spectrum taken at E,, in expression (6)
appeared to be quite adequate. Judging also from
the good agreement obtained in the energy depen-
dence of the measured and calculated energy spec-
tra, one might be able to relax somewhat the re-
striction imposed on comparing only the 100-keV
high-energy ends of the spectra. It is possible
that the results of Ref. 7, given for the calculation
of the increase in scattering yield owing to mul-
tiple scattering for E;p = 150 keV, could have
overestimated the effect when the results were
applied to the energy region E;; =400 keV. In
taking the spectra at lower bombarding energies,
because of the increase in the scattering cross
section, the beam intensity was reduced to keep
the dead time of the multichannel analyzer always
less than 10%. Since no appreciable pulse pileup
was observed and the fast scaler was capable
of handling even much higher counting rates than
we had encountered, the dead time of the entire
pulse-analysis system is therefore dictated by
that of the multichannel analyzer. Thus it was
sufficient to use the ratio of counts from the fast
scaler to the counts integrated from the analyzer
spectrum for deriving our dead-time correction.
The accuracy associated with the transformation
of analyzer spectrum to the energy spectrum de-
pended critically on the energy calibration. As
shown in Fig. 3, we had taken into account the
effects due to the dead layer and other pulse-height
defect mechanisms in the surface-barrier counter
by determining the amount of energy corresponding
to unit voltage interval dE/dV from a considerable
number of data points for the ratio V,5/E;5. From
this dE/dV, as a function of energy, and the mea-
sured voltage per channel dV/dC in the analyzer,
the energy calibration for the spectra was made to
better than 1%.

An uncertainty arises from the determination
of the product N,AQ, which as indicated by ex-
pression (5) is proportional to n. The factor 7,
shown in Fig. 2, is equal to the measured scat-
tering yield from a reference thin target of known
areal density NAx divided by the scattering yield
calculated by taking the total integrated charge to
be that indicated by the current integrator. The
thin targets (typically ~ 60 pg/cm?) were prepared

on an Al substrate, and the scattering yield was
determined from the analyzer spectrum by sep-
arating the scattering events due to target atoms
from those due to the substrate atoms. Uncer-
tainty may be introduced in this separation in case
of low bombarding energy and greater areal den-
sity. In this respect a reference target of less
thickness would be preferable; however being thin-
ner, the less accurate one could determine its
NAx. Since the amount of a-particle energy loss
in the target is small and the stopping cross sec-
tion is always a slowly varying function of particle
energy, the accuracy of the stopping cross section
used for the energy-loss correction in the cal-
culation of scattering yield is not important. In
fact, the result was found to change less than 1%,
for the bombarding-energy range of interest,
even if the stopping cross section was purposely
increased or decreased by 10%. Thus, the un-
certainty in the factor n arose primarily from
error in determining the thickness of the reference
thin target. Taking the spread in the factor n ob-
served in Fig. 2, together with the spread of 3%
in stopping cross section obtained from spectrum-
by -spectrum analysis, and the much smaller prob-
able errors due to scattering cross section (< 1.5%;
see Ref. 4), curve fitting (see data analysis), cal-
ibration (<1%), energy straggling (<1%), and mul-
tiple scattering effects (< 2%), we have assigned a
probable error of 4% to our stopping cross sections.
It happens that the stopping cross sections of &
particles in Au determined in this work fall be-
tween the thin-target data reported in Refs. 2 and
5. Very good agreement with the results given in
Refs. 1, 14, and 16 has also been obtained for the
stopping cross section in Ag. The energy spectra
were measured for the bombarding energy E;,
ranging from 0.4 (0.43) to 2.22 (2.09) MeV for the
stopping element Au (Ag). Since the analyses were
carried out for all the energy spectra from an
E ,~Ey,5 -0.1 MeV to E,z= @E,, the stopping
cross section, generated from the determined
parameters », a, and z, is valid at least for 0.3
= E, = 2.0 MeV. The plausibility of using these
parameters in formula (7) in order to calculate
the stopping cross section for a-particle energies
outside the range has been discussed in detail in
Refs. 2 and 3.
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