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Ion backscattering from solid targets of elements with prominent structure in their (p,p)
scattering cross section has been used to measure the energy straggling of protons in Be, C, Al,
and Si. Single-crystal targets were used in order to minimize porosity, channeling, and surface-
roughness effects. In order to obtain straggling parameters from the experimental data, correc-
tions for contributions, other than those mentioned above, to the broadening of the observed
spectra were made. The energy dependence of the stopping power of the target for the protons
makes a significant contribution to the broadening of the observed backscattering spectra, and
must be properly accounted for if precise values of the straggling parameters are to be obtained.
A procedure is described for accomplishing this. Using the experimental technique and analysis
procedure described, proton straggling was evaluated in Be, C, Al, and Si in the energy range
100—3000 keV. The results are summarized by defining f = Q/Q B> where (g is the straggling
predicted by the Bohr theory. The results are:

Be (E,=2.530 MeV), f=1.073

C (E =047 MeV), f=0.0X3

C (E, =173 MeV), f=0910.1
Al (E,s=2.480 MeV), f=1.25+02
Al (Eq=2.555 MeV), f=1.25%0.2
Si (E,es=1.682 MeV), f=1.15+02
Si (Eres=2.099 MeV), f=14203

In addition to the straggling results, relative elastic scattering cross sections were determined for

protons on Be (2.25-2.85 MeV, 8,,, =170°) and on Al (2.4-2.6 MeV, 6,,, =170°).

I. INTRODUCTION

Although extensive studies of the distribution of
energy losses (energy straggling) of beams of parti-
cles traversing solids have been carried out in the
past, until recently, relatively little attention has been
given to the velocity regime corresponding to protons
or «a particles with energies below a few MeV. The
use of atomic beams as probes of the near surface re-
gion of solids has, however, stimulated renewed in-
terest in straggling at these low energies, since this is
one of the principal factors limiting the depth resolu-
tion of such experiments. Thus, it is important to
understand and quantitatively measure straggling for
such practical applications. Recent refinements in the
theory! ™ of straggling for low incident energies are a
further incentive for carrying out such measure-
ments. This energy region has probably not received
broad attention in the past because straggling is in
general a second-order effect, and it is difficult to
measure accurately.

A variety of phenomena contribute to the broaden-
ing of the energy spectrum as the incident projectiles
lose energy in the target material. In addition to the
distribution of fundamental energy losses, these
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phenomena include, for example, target inhomogeni-
ties such as porosity,® nonuniform film thickness,”?
surface roughness,’ etc. In addition, channeling
effects in crystalline or polycrystalline targets are
thought to contribute to the broadening observed in
such experiments.’ In order to be able to understand
the basic properties of the target material, it is thus
important to eliminate or independently measure as
many of these individual contributions as possible.

Most of the phenomena which contribute to the
broadening are statistically independent of one anoth-
er and, under these conditions, the total straggling is
simply the sum, in quadrature, of the various indivi-
dual contributions. The separation of the various
contributions in this case is thus mathematically
straightforward. Among those effects which meet the
criterion of statistical independence are those men-
tioned in the previous paragraphas well as instrumen-
tal effects such as spread in the incident beam ener-
gy, and detector resolution.

Another phenomenon which contributes to the ob-
served broadening, and which is not independent of
the other broadening processes, is the energy depen-
dence of the target stopping power S(E) for the in-
cident projectiles. The origin of the stopping-power
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effect (SPE), and its dependence on the other
broadening processes, is readily explained by reference
to Fig. 1. Figure 1 shows, schematically, the distribu-
tion in energy of a beam of projectiles at two different
depths in a target material. Because of the energy
dependence of S(E) the two groups of projectiles la-
beled 4 and B in the shallower of the two distributions
will have different energy-loss rates. Thus, because of
the different loss rates additional penetration of the
target to the depth of the second distribution will lead
to a change in the energy separation AFE between the
groups 4 and B, thereby changing the width of the
distribution. If S(E) is a decreasing function of E,
the distribution will be broadened (high-energy case),
while if S(E) is an increasing function of E, the distri-
bution will be narrowed (low-energy case).'? It is also
clear from Fig. 1 that the SPE is dependent on prior
broadening by other processes, since this effect of
differing energy-loss rates requires projectiles with
different energies.

Since the straggling of a beam of particles traversing
a target material can significantly affect the observed
width of sharp features (e.g., elastic scattering reso-
nances, edges due to interfaces, etc.) which are
present in backscattering spectra, these features can be
used to accurately measure the energy straggling. The
technique has previously been described by Olmos
et al.,’ who used elastic scattering resonances to

measure the energy straggling of 0.5—5-MeV protons
in carbon. Their results indicate that the straggling is
4-5 times that predicted by the basic Bohr theory,!!
results which seem inexplicable even with the more
recent refinements to the theory.!> They did not in-
clude a consideration of the SPE in the analysis of
their data, however, and we believe that this can ac-
count for the major portion of the discrepancy
between their results and the theoretical predictions.

In this work we have repeated the measurements of
Ref. 9, using essentially the same experimental tech-
nique. We have attempted, however, to eliminate
surface roughness and channeling effects from our
measurements, since they were thought to contribute
to the uncertainty in the earlier results. We have also
developed an analytical procedure which allows us to
include the effects of the SPE in extracting the strag-
gling from the experimental data, and which illustrates
the importance of SPE in such experiments. Also, in
order to further investigate the advantages and limita-
tions of this technique for such measurements, we
have determined the energy straggling for protons
with energies below 3 MeV in Be, Al, and Si.

We present a discussion of the experimental method
in Sec. II, a discussion of the method of data analysis
in Sec. 111, and finally new results for the straggling of
protons in beryllium, carbon, aluminum, and silicon
in Sec. IV.12
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FIG. 1. Schematic illustration of the physical processes underlying the stopping-power effect. P(E) represents the distribu-
tion in energy E of the incident projectiles after some penetration of the target material. Particles in the two groups labeled 4
and B are separated in energy by AF in the shallower distribution. After an additional penetration into the target the energy
separation of the two groups changes to AE' due to the energy dependence of S(E).
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FIG. 2. Typical geometry of a backscattering experiment
showing the relationships between depth x, inbound path
length R, outbound pathlength R,, and the incident and
emergent angles 6, and 6,, respectively. Also shown is the
scattering angle 6.

II. EXPERIMENTAL METHOD

Many previous measurements of energy straggling
have relied on the thickness uniformity of deposited
films.”® Since the observable effects which result
from thickness nonuniformity and straggling are the
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same, it is necessary to independently measure the
thickness uniformity in order to accurately determine
the straggling. Although such measurements can
often be made, the lateral resolution is usually quite
poor. However, for materials containing elements
having prominent features in their scattering cross
section, energy straggling can be accurately measured
without reliance on the thickness uniformity of thin
films. The procedure consists of bombarding a bulk
sample with monoenergetic ions and measuring the
energy spectrum of the backscattering particles for in-
cident energies above the resonance energy. Figure 2
shows the geometrical arrangement and defines the
parameters involved. As the incident energy E| is in-
creased above the resonance energy, the resonance oc-
curs deeper in the material. The straggling of particles
scattered at the resonance is thus increased, thereby
increasing the observed resonance width. This is illus-
trated in Fig. 3 for the 1.73-MeV elastic scattering
resonance '2C(p,p)'?C. Using the measured increase
in width the straggling can accurately be extracted
from such measurements if other broadening effects
have been eliminated or are properly accounted for,
e.g., channeling, porosity, surface roughness, and
stopping power effects. The resonances used in the
measurements and pertinent information on experi-
mental arrangements is given in Table 1.

The accuracy with which the straggling parameter ()
can be determined is dependent on sharpness of the

p——»C

ERES =1.73 MeV

Eo =2.119
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FIG. 3. Backscattering spectra for protons in carbon for various incident energies; £, (MeV) =1.810, 1.918, and 2.119. The

prominent feature is the 1.73-MeV elastic scattering resonance.
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TABLE I. Resonances and crystallographic orientations used in the experimental measure-

ments.
Resonance Orientation of incident Elastic cross-
energy beam to crystal section
Resonance (MeV) axes reference
9Be(p,p) 2.530 15° off (0001) 13
((0001) normal to surface)
2C(p,p) 0.470 20° off (0001) 14,15
1.730 30° off {1700}
30° off {0110}
((0001) normal to surface)
2 Al(p,p) 2.480 12° off (001) 16—18
2.555 15° off {110}
30° off {100}
({001) normal to surface)
83i(p,p) 1.682 15° off (100) 19
2.099 15° off {100}
30° off {110}

((100) normal to surface)

resonance. If the resonance is broad, which is the
case for the 2530-keV°Be and the 470-keV!2C reso-
nances, only upper limits can be determined for (.

A single crystal of Be was prepared by the Franklin
Institute, starting with polycrystalline material which
had as principal metallic impurities Fe(165 ppm by
weight), Ni(105 ppm), Si(82 ppm ), Ar(60 ppm ),
Mg(44 ppm), and Cu(40 ppm), with others totaling
less than 50 ppm. Beryllium oxide was present in
much larger quantities, about 9000 ppm by weight.
Three zone passes were used to lower the level of me-
tallic impurities, which backscattering analysis showed
to be reduced by about a factor of 2 below that given
for the polycrystalline material. After being planed
the samples were electropolished to remove the cut-
ting damage. The orientation of samples was
confirmed by x-ray diffraction. The mosaic spread of
one sample was also measured during x-ray
diffraction, and found to be 0.6° full width at half-
maximum (FWHM). This mosaic spread was large

enough to preclude measurements of a channeling dip.

The crystal was positioned so that the incident beam
was 15° off the c axis.

The carbon material chosen for. this study was
compression annealed pyrolytic graphite (CAPG). It
is a material whose structure closely approximates that
of a single crystal.?’ New flat surfaces were prepared
before the experiment by peeling off many atomic
layers. The sample was first studied by axial channel-
ing to determine the orientation of the ¢ axis and the
"quality" of the crystal. The FWHM of the channeling

dip obtained experimentally was equal to the calculat-
ed value for a perfect crystal within the experimental
error.

Single crystals of aluminum and silicon were used.
Alignment of the (001) and (100) axes with the sur-
face normal was checked with x-ray diffraction for Al
and Si, respectively. The samples were studied by axi-
al channeling to determine the orientation of these
axes and the "quality" of the crystals. For both cry-
stals the FWHM of the channeling dip obtained exper-
imentally was equal to the calculated value for a per-
fect crystal within experimental error.

For all four materials the detected beam was 170°
from the incident beam and 10° further from the ma-
jor axis than the incident beam so that the alignment
should have produced a geometry in which both the
incident beam and the detected scattered beam were
removed from any major axial or planar direction,
thus reducing channeling effects to a minimum. By
using perfect and near perfect crystals, both porosity
and surface roughness effects were minimized.

The experiment was carried out using an accelerator
and associated equipment, which has been fully
described elsewhere.?! Only the more pertinent points
will be reviewed. The accelerator nominal highest vol-
tage 2.5 MeV, and analyzing magnet combination pro-
vides a beam of nearly monoenergetic protons(+1
keV) of variable energy and directs the beam onto the
target. The absolute energy of the beam was deter-
mined to within 8 keV by using a radioactive 2*'Am
source?? and the '*F(p, ay) resonance.”® The angular
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divergence of the incident beam at the target was less
than 0.02°. The target chamber is described in Ref.

21 and the target manipulator in Ref. 24. A gold bar-
rier silicon detector was used to detect the scattered
particles and was placed so that it intercepted a portion
of the beam scattered about 170°. The solid angle
subtended by the detector was 0.01 sr. The energy
resolution of the detector-analyzer system was approx-
imately 10 keV.

The data were collected by initially using an incident
beam energy slightly greater than the resonance ener-
gy (—30 keV) and increasing this energy in successive
steps until the particles scattered at the resonance en-
ergy had energies below ~200 keV after leaving the
target surface. Typical backscattering spectra are
shown in Figs. 3 and 4 for the 1730-keV and 475-
keV'2C(p,p) resonance, respectively. the lower-energy
resonance is broad while the upper resonance is sharp.
The effect of the resonance width is reflected in the
shapes of the spectra.

II1. DATA ANALYSIS

A. Theory

In this section a procedure will be described which
allows the energy straggling to be extracted from the
experimental data. Since the broadening of the ob-
served resonances by the SPE is not independent of

the energy straggling this procedure is somewhat com-
plex, but nevertheless tractable.

Strictly speaking, the SPE should not be considered
as a contribution to the measured straggling, although
it does contribute to the observed broadening. Strag-
gling is due to a statistical distribution of the energy
losses, and as such implies a loss of information.
Thus, for example, the depth resolution in back-
scattering analysis becomes poorer as the beam
penetrates deeper into the target material because of
the loss of information due to straggling. In the ab-
sence of a statistical distribution of energy losses,
however, the depth distribution in such experiments is
limited only by the initial width of the resonance being
observed and by instrumental properties. In this case,
although the SPE is operative in changing the ob-
served width of the feature in the backscattering spec-
trum, no information is lost, and apart from the in-
strumental effects just mentioned, the depth resolu-
tion would be independent of depth in the target ma-
terial. In the same fashion, the narrowing of the dis-
tribution by the SPE at low energies does not imply-a

gain in information.

The significance of the SPE for an initially monoen-
ergetic beam of particles transmitted through a thin tar-
get has previously been investigated by Tschalir.”® He
finds that the stopping-power effect is negligible com-
pared to the other broadening processes for total ener-
gy loss 20%—30% of the initial Kinetic energy of the
projectile. This results because in transmission the

I I I I
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FIG. 4. Backscattering spectra for protons in carbon for various incident energies; £y (MeV) =0.480, 0.545, and 0.581. The

prominent feature is the elastic scattering "edge" at 0.470 MeV.
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broadening by other processes is sufficiently small that
no appreciable spreading of the projectile energy distri-
bution occurs until the projectiles have penetrated
deep into the target material. In the backscattering
case, however, significant broadening of the projectile
energy distribution can be realized at relatively shallow
depths due to the backscattering event itself, e.g., due
to the natural width of a scattering resonance.

The significance of SPE in the backscattering case
can be demonstrated by direct calculation of spectra
from the standard backscattering equation®® which
gives the yield in the absence of energy straggling and
instrumental broadening processes. In Table Il the
FWHM of calculated spectra for scattering from the
1.73-MeV (p,p) resonance in carbon is given for
several incident proton energies. Also tabulated is the
FWHM from the present experimental measurements
and the calculated depth at which the incident proton
~ energy is reduced to 1.73 MeV. The calculations used
experimental scattering cross sections and stopping-

power values. For constant S(E) the calculated
FWHM is 85 keV, independent of the incident energy.
The tabulated data indicate that as the incident energy
is increased from 1.8 to 2.1 MeV, the obseived reso-
nance width increases from 102 to 186 keV. The cal-
culated FWHM shows that much of this broadening is
due to SPE. .

Since the action of the SPE in broadening the ob-
served energy distributions is dependent on prior
broadening by other processes it is not possible to ac-
count for all broadening by simply adding the indivi-
dual contributions in quadrature. The determination
of the total broadening of the observed spectra thus
‘requires a proper mathematical description. A simple
approximate formula for the total effect of the various
broadening processes has previously been derived by
Deconninck and Fouilhe, but its applicability seems
restricted to relatively narrow symmetric scattering
resonances which are well separated from other
features in the spectrum.?’ We now present a pro-
cedure for the precise calculation of the observed
spectrum in the general case, which allows the various

1
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contributions to be separated.

For the geometry of Fig. 2 the backscattered yield
Y(E', 0) dE' from a distribution of scattering centers
N,(x), at a depth x within the target material is given
by

' _‘_¢__ * s
VLo =2 [N ax [T PEERD
X Py(E",KE,R)) o(E, 0) dE . (1

Here P,(E Eq. R)) is the distribution in energy E of
the incident ions after they have penetrated a distance
R (x) along the inbound trajectory, including any
spread in the incident energy Ey. Similarly,
P,(E',KE,R>) is the distribution in energy E’ of ions
emerging from the target surface after they were back-
scattered at energy £ and depth x within the target.
Any spread in observed energies £’ due to detector
resolution is included in P,. The backscattering factor
K relates the scattered energy to the energy just be-
fore scattering. The differential atomic scattering cross
section for this event is o (E, 8); the incident angle 6,,
emergent angle 6,, and scattering angle 8, are related
as indicated in Fig. 2; the incident ion fluence is .
Path length straggling due to multiple scattering is im-
plicitly included in the general equation (1), but the
effect of angular dispersion is not. The latter effect is
generally quite small for typical large-angle back-
scattering arrangements.

Since each of the individual distributions P, and P,
is formally a transmitted distribution (in the sense of
Tschaldr?), the broadening of P, and P, by the SPE
can normally be neglected compared with their
broadening by other processes. The major contribu-
tion of the SPE to the broadening of the observed
spectrum is thus due to groups of ions coming from
different regions of the scattering resonance. That is,
the action of the SPE within a group of nearly
monoenergetic ions (e.g., groups 4 or Bin Fig. 1) is
quite small compared with its effect between groups
with significantly different energies. Energy straggling
and instrumental effects are then the only significant

TABLE II. Stopping-power effect for protons scattered through 170 by the elastic-scattering

resonance at 1.73 MeV in carbon.

Penetration

Observed Resonance

Incident depth for Width FWHM (keV)
energy E,=1.73 MeV Calculation Experiment
E (keV) (10" C/cm?) (SPE only) (SPE plus
straggling)
1800 2.6 104.1 102.4 £2.0
1900 6.2 116.9 119.2 £2.0
2000 9.8 134.8 140.3 £2.0
2100 13.4 172.0 185.5+2.0




18 ENERGY STRAGGLING OF PROTONS IN Be, C, Al, AND Si 4679

broadening processes acting on P; and P,. In most
cases Gaussian functions are thus adequate for both
P, and P,. In this case

(F— 2 2
Pk(E,E;,Rk)z(ZWAZ)_I/Ze (E Ea) 128 ,

)
where
AZ= A%+ Q*(R)) . 3)

In (3) the quantity Ao represents the spread in in-
cident beam energies for k =1, the detector resolution
for k =2. Energy straggling of the beam is represent-
ed by Q2(R,). In the absence of multiple-scattering
effects the average energy in the distribution £, is re-
lated to the initial energy E; and the path length trav-
eled Ry by

E.
X dE @)

Rk(X) - cosf, - £, S(E)

To include path-length straggling due to multiple
scattering the right-hand side of (4) is replaced by the
projected range R,(E;,E,); further, [S(E,)AR,]I%,
where AR, is the standard deviation in R,,? is added
to the right-hand side of (3). Multiple-scattering
effects are small except for large energy losses, and
they have been neglected in the present applications of
1).

Energy straggling parameters are extracted from ex-
perimental spectra by comparison with the spectra cal-
culated with Eq. (1). The straggling parameters
Q2%(R,) in the calculated spectra are varied to obtain a
best fit between experiment and theory.

B. Application to experimental data

Although the application of the above procedure to
the analysis of experimental data is straightforward in
principle, in practice it is somewhat complicated. The
analysis requires accurate values of the scattering cross
section o (E, 6), and the stopping power S(E), and
these quantities may be either not available in the
literature, or not sufficiently accurate when they are.

It should be pointed out that accuracy in the slope of
S is the prime consideration in the present case (at
least to first order) since the SPE is determined by the
difference in energy-loss rates across the projectile en-
ergy distribution. S and/or o were not available with
sufficient accuracy for several of the targets considered
here, and thus these functions were determined simul-
taneously with' Q2 from the present experimental
measurements. This was accomplished by an iterative
procedure which is described briefly below.

The procedure begins by assuming trial functions
for either or both of o and S, and by using the stan-
dard Bohr prediction'® for Q2. For this purpose a

three-parameter description of S was used which is
discussed elsewhere.?’ A theoretical spectrum is then
calculated using Eqgs. (1) and (4) and compared with
an experimental spectrum for a case in which the in-
cident proton energy is just slightly above the reso-
nance energy. The theoretical spectrum is multiplied
by a constant to give a minimum least-square devia-
tion between the two spectra. The ratio of the two
spectra is then taken, channel by channel, as a multi-
plicative correction to the trial function o. This pro-
cedure is then iterated until the experimental and
theoretical spectra converge.

Comparison of a theoretical and an experimental
spectrum is next carried out in a similar fashion for a
significantly higher incident proton energy. This time
the parameter n in the three parameter description?® of
S is varied to bring the locations of the resonances in
the two spectra into coincidence. The other two
parameters are also varied simultaneously so that with
n as chosen above the resultant function S also has a
minimum deviation from tabulated stopping power
values.’® For the energy region of the present experi-
ments, the parameter » principally determines the
average slope of S, while the other two (along with n)
determine magnitude as well as local curvature. With
the new representation for S the procedure returns to
the previous spectra and a new determination for o is
made. This process is iterated until both o and S con-
verge. Generally, one iteration has proven sufficient
in all cases. :

After the above determinations of representations
for o and S, the straggling parameter Q2 is extracted
from spectra at several different incident proton ener-
gies. Since the values for Q2 which result from the
analysis given here will be averages over inbound and
outbound proton trajectories in the target material, it
is not possible to obtain an accurate and detailed ener-
gy dependence of Q2, and so in the analysis it is as-
sumed that (Q is a constant fraction f of the value
predicted by Bohr theory.!® This is

QR)=,0x(R) , (5)
with
Q(R)=47wNZ?Zre*R (6)

where Z, and Z, are projectile and target atom atomic
numbers, respectively, N is the target atomic density,
R is the length of the projectile trajectory in the target,
and e is the electronic charge. Calculated and meas-
ured spectra are compared as a function of f. The
procedure is illustrated in Fig. 5 for the 1.73-MeV
12C(p,p)1*C resonance.

For a particular value of fthe magnitude of the cal-
culated spectrum is adjusted to give the least mean-
square error 82 between experiment and theory. The
quantity & is determined as a function of f to obtain
that value of f which gives the best overall fit (i.e.,
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FIG. 5. Comparison of experimental backscattering spectrum for scattering of protons from the 1.73-MeV (p,p) resonance in
carbon with calculated spectra for which the energy-straggling parameter {2 has been varied.

minimum 3) between the calculated and measured
spectra. In this way an accurate determination of Q2
is obtained. Once Q2 has been determined by such a
procedure the whole process is repeated from the be-
ginning and iterated until representations for S, o,
and Q2 are obtained which are consistent with all the
experimental data.

IV. RESULTS

The 8 vs f curves obtained in the analysis
described above for protons incident on Be and C tar-
gets are presented below. The uncertainties assigned
to the f values at the curve minima were estimated
through the use of two criteria. One estimate was
obtained through the fluctuation expected in 8 due to
counting statistics. The standard deviation in such
fluctuations for the present measurements can easily
be shown to be ~10%—15% of N2, where N, is
the total number of counts in a given spectrum. The
second estimate used the position on either side of
the minimum at which the & vs f curves become
essentially linear. The uncertainties in f which result
from these estimates normally range from 10% to
20%, although for Be and one resonance in C the un-
certainties are much larger.

A. Beryllium

Backscattering spectra were obtained fror a number
of different incident proton energies in order to carry
out the analysis described in Sec. III. The analysis was
ultimately performed using spectra for incident proton
energies of 2.604 and 3.006 MeV. Since cross-section
data could not be found in the literature for scattering
at 170° in laboratory coordinates, it was necessary to
determine this quantity during the analysis. Figure 6
shows the relative elastic scattering cross section so
obtained for proton energies between 2.25 and 2.85
MeV. Cross-section data for this resonance has previ-
ously been reported!® for center of mass scattering at
angles up to 160°. The resonance at 170° is narrower
than that observed at the smaller angles, as is typical
in such measurements.

The stopping power was also obtained in the
analysis. The values obtained for the parameters Z, a,
n for the stopping power formula? are given in Table
III. The rms deviation between the S values given by
the formula and those tabulated by Janni®® is less than
5% over the energy range 0.2—0.3 MeV.

The rms deviation 8 between the calculated and
measured spectra for an incident proton energy of
3.006 MeV is shown in Fig. 7 as a function of f. The
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FIG. 6. Relative elastic scattering cross section at 170° in
laboratory coordinates for 2.25—2.85-MeV protons incident
on Be.

horizontal line at NJ/? represents essentially the best
agreement which could be expected between the calcu-
lated and experimental spectra. From Fig. 7 is is seen
that the best value of f (i.e., minimum 8) is
f=1.0#3. The large uncertainty in f, and the rela-
tively large disparity between the minimum value of &
and NJ/2 results from the relatively large width of the
scattering resonance and suggests one of the limita-
tions of this type of measurement. The value ob-
tained for fis of course its average value over the en-
ergies experienced by the protons on their inbound
and outbound trajectories which span the energy
ranges 2.45—3.0 and 0.2—1.7 MeV, respectively.

TABLE III.- Stopping power formula parameters Z, a, n
for protons on Be, C, Al, and Si.

Target Z a n
Be 2.481 0.3886 3.543
C 1.394 0.5684 3.388
Al 2910 0.4133 3.252
Si 2,533 0.4650 3.188
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FIG. 7. Plot of rms deviation between calculated and ex-
perimental backscattering spectra 8 as a function of f
(=Q/Qp), for the 2.530-MeV elastic scattering resonance in
Be. N is the number of counts in the experimental spec-
trum.

B. Carbon

_ The elastic scattering cross section for proton
scattering from carbon is available in the litera-
ture,'* !’ and two resonances were utilized in our
analysis of this material. The resonances are located
at 1.73 and 0.47 MeV. The stopping power formula
parameters used for the analysis are given in Table III.
The formula values for S (E) using these parameters
differ from the values tabulated by Janni*® by less than
2% over the energy range 0.1-3.0 MeV.

The curve of 8 vs fis shown in Fig. 8 for the 1.73
MeV resonance. The experimental spectrum used in
this analysis was obtained with an incident energy of
2.119 MeV. The energies experienced by the protons
on the inbound and outbound trajectories spanned the
ranges 1.70—2.12 and 0.40—1.22 MeV, respectively.
From Fig. 8 it is seen that the best value of fis
0.9 +0.1.

The curve of 3 vs f for the 0.47-MeV resonance is
shown in Fig. 9. The incident energy was 0.585 MeV
for this case, and the inbound and outbound trajec-
tories spanned the energy ranges 0.430—0.585 and
0.025—0.310 MeV, respectively. The best value of f

for this case is 0.0%3. The large uncertainty in f
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FIG. 8. Plot of & vs f for elastic scattering of protons
from the 1.73-MeV elastic scattering resonance in C. N, is
the total number of experimental counts.

results from the relatively large width of the reso-
nance as well as the relatively shallow depth of pene-
tration which could be attained by the protons.

C. Aluminum

The elastic scattering cross section for protons on
aluminum was not available for scattering at 170° in
laboratory coordinates.'"!® The relative cross section
was therefore determined by our analysis using spectra

2500 T T 1 T
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Er -
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1500

6 (COUNTS)

1000
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FIG. 9. Plot of & vs f for elastic scattering of protons
from the 0.47-MeV elastic scattering resonance in C. N, is
the total number of experimental counts.

obtained at incident energies of 2.587, 2.625, and
3.001 MeV. The relative cross section which resulted
is shown in Fig. 10 for proton energies in the range
2.42—-2.62 MeV. The two large resonances at 2.480
and 2.555 MeV were used concurrently in the analysis
to determine the best representation for S(£) and a
value for f. It was not possible to obtain a representa-
tion for S(E) which resulted in coincidence between
calculated and measured location in the spectra of
both resonance peaks simultaneously. The origin of
this difficulty is not understood. The analysis was car-
ried out with several different representaions to deter-
mine the effect of uncertainties in S(E) on the resul-
tant values obtained for f. Fortunately, the reso-
nances are relatively narrow and the small uncertainty
in the slope of S(E) had no significant effect on the
best f value extracted from the analysis. The stopping
power formula parameters given in Table III for the
aluminum targets represent a compromise among the
various representations used.

The best value of fis found to be 1.25 £0.2. The
energy ranges over which this f value has been aver-
aged are 2.45—3.00 and 1.20—2.10 MeV for the in-
bound and outbound trajectories, respectively.

D. Silicon

The elastic scattering cross section for the silicon
analysis was obtained from Ref. 19. Spectra used in
the analysis were taken with incident proton energies
of 2.210, 2.843, and 2.933 MeV. The scattering reso-
nances at proton energies of 1.682 and 2.099 MeV
were used to obtain f values. The stopping power for-
mula parameters used in the analysis are given in
Table III.

For the 2.099-MeV resonance the best value for fis
1.4 £0.3. This f value is an average over the energy
ranges 2.07—-2.93 and 0.27—1.79 MeV for the inbound
and outbound trajectories, respectively. For the

p—=AI
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BiayM10

. (RELATIVE SCALE)

do
(P

L 1
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FIG. 10. Relative elastic scattering cross section at 170°
in laboratory coordinates for 2.42—2.62-MeV protons incident
on Al
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1.682-MeV resonance the best value for fis

1.15 £0.2. The energy ranges over which this f-value
has been averaged are 1.60—2.21 and 0.40—1.39 MeV
for the inbound and outbound trajectories, respective-
ly.

E. Discussion

Direct comparison of the results of the present
measurements of proton energy straggling (summar-
ized in Table IV) with previous experimental meas-
urements can be made in only a few cases because of
the sparsity of such data in the literature. Early meas-
urements for Be targets®! and Al targets®' 32 show con-
siderable scatter, but in general are in agreement with
the present measurements. More recent measure-
ments for 0.1—0.5-MeV protons on Al targéts®® indi-
cate that f should be an increasing function of energy
varying from 0.9 to 1.1 in this energy range.

Although the energy range investigated in the present
case is somewhat above 0.5 MeV, the general trend of
the measurements in Ref. 33 suggests that a value of

f greater than one is to be expected.

Theoretical calculations of the energy dependence of
proton energy-straggling have been carried out by
Bonderup and Hvelplund! using a statistical model of
the target atom charge distribution, and by Chu? using
a Hartree-Fock-Slater charge distribution for the target
atoms. Both these calculations are based on an exten-
sion of the Lindhard-Sharff procedure,** in which the
local charge density in the target atom is considered to
respond as a free-electron gas. All these theories! 23
predict that for the energy range of the present experi-
ments the f values should lie between 0.8 and 1.0, for
fixed proton energy the f values should be a decreas-
ing function of target atomic number Z,, and for a
fixed Z, the f values should be an increasing function
of the proton energy. The results in Table IV for both
C and Si targets suggest that f is an increasing func-
tion of proton energy, although this trend does not lie

TABLE IV. Average values of fobtained in the analyses
over the indicated energy ranges.

Average Energy range
Target S value averaged over (MeV)
Be 1.0203 0.2—1.7 plus 2.45-3.0
C 0.9 0.1 0.4—1.22 plus 1.7-2.12

0.03 0.025-0.310 plus 0.43—0.585

Al 1.25+0.2 1.20-2.1 plus 2.45-3.0
Si 1.15+0.2 0.4—1.39 plus 1.6—2.21
14+0.3 0.27-1.79 plus 2.07-2.93

outside the uncertainty of the measurements. Com-
parison of the results for C, Al, and Si indicates, how-
ever, that the expected Z, dependence is not obeyed
in the present measurements. Further, the magni-
tudes of the f values for Al and Si are clearly greater
than predicted. These discrepancies between the
theoretical work and the present experimental meas-
urements suggest that significant contributions to the
proton straggling are produced by phenomena which
have been neglected in these theories.!"23* Such
phenomena include, for example, energy-loss fluctua-
tions due to charge changing collisions** (which were
invoked by Bednyakov et al.,® to explain their rela-
tively large f values for Al targets), as well as correla-
tion effects in energy loss along the projectile trajecto-
ry which have been shown by Sigmund? to increase
the measured straggling by as much as 35% in molec-
ular gas targets (thus increasing the f value by 17%).

V. CONCLUSIONS

Energy straggling of protons has been measured by
a backscattering technique for protons incident on Be,
C, Al, and Si targets with energies in the range of
0.2—3.0 MeV. The backscattering technique involves
monitoring the width of a sharp feature in the back-
scattered energy spectrum as a function of the amount
of target material traversed by the protons. The prob-
lems with thin-film thickness nonuniformities are el-
iminated by the use of the technique. The technique
is limited, however, to those target materials which
have "resonances" or other sharp features in their
scattering cross sections. Also, since the width of
such features in the observed spectra is strongly
affected by the energy dependence of the proton stop-
ping power S(£), uncertainties in S(E) can also limit
the accuracy of the resultant straggling parameters,
particularly when broad resonances are involved. Fi-
nally, since the resultant values for the straggling
parameters are averages over the energies experienced
by the protons on the inbound and outbound trajec-

‘tories in the target, an accurate and detailed energy

dependence cannot be easily obtained by this method.
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