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Energy and Z2 dependences of energy straggling
for fast proton beams passing through solids
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The energy and Z2 (target atomic number) dependences of energy straggling for fast proton
beams are investigated using nuclear resonance reactions of ' F(p, a,y)' 0 and Al(p, y) Si. The re-
sults are compared vrith theoretical predictions based on the free-electron models (of Bohr and of
Vavilov} and the local-electron-density models (of Lindhard and Scharff and of Chu}. Concerning
both energy and Zq dependences, the experimental data agree meO with Chu's prediction using the
Hartree-Pock-Slater charge distributions of the target atoms.

I. INTRODUCTION

A fast ion that penetrates a medium loses its energy via
a number of successive collisions. This leads to statistical
fluctuations in the energy loss of the ion beam around its
average value, i.e., energy straggling. The values of the
energy straggling for light ions are important parameters
for simulation of a Rutherford backscattering spectrum
and an excitation spectrum for a nuclear resonance reac-
tion in ion-beam analysis. '

In the high-energy region above several tens of
keV/amu, electromc interactions dominate the slowing-
down proofs of a fast ion beam. So far, two different
theoretical approaches have been developed concerning
electronic stragghng. One derives an accurate energy dis-
tribution function by solving a transport equation. This
approach originated from Landau's formalism3 and was
then extended by Vavilov under the assumption that all
the target electrons are free. Another calculates directly
the full width at half maximum (FWHM) of the energy-
loss distribution assuming it to be a Gaussian. In the
high-energy limit where all the target electrons are con-
sidered free, Bohr derived the simple expression given by

where e is the electron charge, Z& and Zi, the atomic
numbers of the projectile and the target atoms, respective-
ly, and NlLR the target thickness (atoms/cm2). Lindhard
and Scharff extended Bohr's treatment by considering the
local electron density of the target atom. The reduced
straggling is expressed by
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where p(r) denotes the electron density of the target atom,
I' (p(r), v) the contribution from various parts of the elec-
tron cloud to the straggling. They propoaxi the simple
asymptotic formula
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where I.(+)=1.36X'~2 —0.016+ ~ . Here, X is a reduced

energy variable defined by X=U /(Z2vo) (U is the ion
velocity, and uo the Bohr velocity). Bonderup and Hvel-
plund7 refined this model by using the electron charge
density p(r) calculated from the Lenz-Jensen model.
Similar calculations based on the Hartree-Fock-Slater
model were carried out by Chu.

Up to now, several experimental results on electronic
straggling have been reported. ' However, there are
large discrepancies not only between experimental data
and theoretical predictions but also between different
measurements. This is probably due to the target condi-
tions such as texture and film nonuniformity, which yield
additional contributions to the energy straggling. As ex-
perimental methods, the backscattering or transmission
technique combined with solid-state detectors has been
usually employed. In the transmission experiment, we
must prepare self-supporting target foils smoothed out,
and we frequently need backing foils to prevent their
breakage. On the other hand, the backscattering spectrum
includes the contributions from the incoming and outgo-
ing paths in the target film. These situations cause inac-
curacies in determining the straggling values. In addition,
the energy resolution of solid-state detectors is only 10
keV at best. Thus, in order to get accurate straggling
data, the transmission technique with a magnetic or elec-
trostatic spectrometer is most desirable. So far, only a
few reports on straggling measurements using this tech-
nique have been made for heavy ions (lithium, nitrogen,
and neon) passing through solids' ' and for proton and
he}ium in gases. '

In the present experiment, we employed a new tech-
nique using nuclear resonance reactions with narrow
natural widths. The nuclear reactions of ' F(p,ay)' 0
and Al(p, y) Si were used for this purpose. This tech-
nique makes it easy to prepare a variety of thin and
smooth target films and gives good energy resolution.
The principle of this method is to derive the straggling
width from the slope of the excitation spectrum of y-ray
yields for the Al or LiF substrate onto which a thin target
film is deposited. In order to obtain accurate straggling
values, the excitation spectrum is generated theoretically
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and then fitted to the experimental one by varying the
thickness of the target film and the straggling value of in-
terest. Thus, energy and Zi dependences of the energy
straggling are investigated for 20 elements as targets. Our
concern is centered on checking the validity of the
theoretical models proposed so far. Finally the reduced
energy straggling is expressed as a function of beam ener-

gy explicitly.
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The experimental procedure is described in detail in the
revious work. ' The utilized nuclear reactions are
Al(p, y) Si at 992 keV with a FWHM (I'„) of 0.1 keV

and '9F(p, ay)'60 at 340, 484, and 872 keV with FWHM's
of 2.5, 0.9, and 4.5 keV, respectively. The nuclear reac-
tions occur within the thick polycrystals of LiF or Al
films deposited onto Si wafers.

Target films were evaporated onto mirror-flnished LiF
polycrystals or Al-evaporated Si wafers with an electron
beam. The substrates were rotated around a hearth during
evaporation so as to obtain homogeneous films. The
thickness of the target film was measured by Rutherford
backscattering using a 2.0-MeV 4He+ beam. A thin Al
film deposited onto a C-evaporated NaC1 crystal was used
as a film-thickness standard for the backscattering mea-
surements. The thickness of this Al film was determined
using the nuclear resonance reaction of Al(p, y) Si at
992 keV. As the stopping power value of Al for the 992-
keV H+ beam, we used the semiempirical formula given
by Andersen and Ziegler. ' The thicknesses of the target
films range from 80 to 250 nm. Figure 1 shows the sur-
face profiles of the Al films deposited onto a Si wafer and
onto a LiF polycrystal. The degree of surface roughness
is estimated to be 5 to 7 nm from a surface profile mea-
surement. Its lateral resolution is better than 2 nm.

A well-collimated proton beam impinged on the target
tilted to 45' with the incident-beam axis (Fig. 2). The

Al on Si V/afer

340 350
Incident Energy ( keV j

360

emitted y rays were counted with a 115-cm Ge(Li) detec-
tor placed 3 cm apart form the target. The incident-beam
energy was determined accurately from the deflection by
the magnetic field which was measured with a proton
magnetic resonance. The excitation spectrum of y ray
yields was obtained by varying the incident-beam energy
in the vicinity of the resonance energy.

III. DATA ANALYSIS

As a typical example, we treat the case of the 340-keV
resonance of ' F(p,ay)' 0 for LiF/Si and Mo/LiF tar-
gets. The emitted y-ray yields are plotted as a function of
the incident-beam energy in Fig. 2. In order to determine
the straggling values accurately, the excitation spectrum
of the y-ray yields is simulated and best-fitted to the ex-
perimental one. In the synthesis of the excitation spec-
trum, we subdivide the depth of the LiF film into many
thin slabs with equal widths dLx. The contribution from
the kth slab counted from the top surface is calculated
from

FIG. 2. Excitation spectra around the 340-keV resonance of
' F(p, ay)' 0 for LiF/Si and Mo/LiF targets. The solid curves
correspond to the simulated spectra best fitted to the experimen-
tal data. The deviations from the experimental results are less
than 0.4% for both the LiF/Si and Mo/LiF cases. The fitting
parameters used are as follows: I o——0.20 keV2, l, =18.0 keV,
and the effective thickness of the Mo film,
t =4.90)& 10"atoms/cm'.
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FIG. 1. Typical surface profiles of Al evaporated onto a Si
wafer (upper) and onto a LiF polycrystal (lour). The lateral
resolution of a profilometer is better than 2 nm.

vvhere E; and E, are the inndent-beam energy and the
resonance energy (340 keV), respectively, c, the constant
for normalization, and (dE/dx)i;F the stopping power of
LiF for protons. We assume a Gaussian energy-loss dis-
tribution expressed by

2V'in2 4 ln2F(EI, E)=-exp —
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where I 0 and I;k are the FWHM's of the initial energy
spreading of the incident beam and the straggling value of
the proton beam arriving at the kth slab, respectively.
The total y-ray yield from the LiF fil is given by

I'(E;)=gb, &k(E;) .

Energy Distribution
at Mo/'Li F
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For the LiF substrate onto which the target film is depo-
sited, we must add the contributions of the energy loss
and energy straggling in the target film for Eqs. (S) and
(7). For the slowing-down process of fast protons in the
target film, we used the semiempirical stopping powers
tabulated by Andersen and Ziegler. '9 Bohr straggling
values and additivity rules on the stopping power and en-

ergy straggling were assumed for the compound material
of LiF. The availabihty of Bohr stragghng values for LiF
is assured by the following two reasons. First, Bohr
values are used also for the LiF/Si target in determining
the imtial energy spreading of the incident beam. There-
fore, the influence of the above assumption is almost can-
celed, as can be seen from Eq. (7). The second is, as
shown in the next section, the fact that the experimental
straggling values agree with Bohr's predictions for low-Z
materials.

The initial energy spreading of the incident beam is
determined by fitting the calculated excitation spectrum
to the experimental one for the LiF/Si target. As shown
in Fig. 2, the slope of the excitation curve for the Mo/LiF
target becomes gentle compared with the LiF/Si case be-
cause of the energy straggling of the proton beam passing
through the Mo film. The best-fitted excitation spectrum
is obtained by adopting the appropriate values of the tar-
get thickness and the energy straggling of interest.

Now, we must check the validity of the assumption that
the energy-loss distribution is a Gaussian. For very thick
targets, the stopping cross sections cannot be considered
independent of the beam energy and the energy-loss distri-
bution deviates from a Gaussian. Tschalir derived the
critical condition for the target thickness that the average
relative energy loss hE/E does not exceed about 20%.
For a high-energy beam passing through a thin target
film, Vavilov showed that the energy-loss distribution be-
comes asymmetric with a high-energy tail. In Fig. 3, the
energy-loss distribution derived from the present experi-
ment is compared with the Vavilov's prediction for the
340-keV proton beam passing through a Mo film with
thickness 4.53 X 10' atoms/cm . As clearly seen, the Va-
vilov distribution can be regarded approximately as a
Gaussian under this condition. In the present work, the
target films with thickness 80 to 2SO nm were prepared so
that the energy-loss ratio ranged from 3 to 6%%uo and the as-
sumption of a Gaussian energy distribution is valid.

Before showing the experimental results, we discuss the
additional contributions of the energy stragghng from the
effects of texture (small crystallites forming the film),
nonuniform film thickness, the spatial correlation, and
projectile charge-state fluctuations. The texture effect is
neglected in this experiment, because no channeling effect
was observed in the backscattering spectra for the present
target films. Furthermore, it was confirmed by reflection
electron diffraction that there exist no significant crystal-
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FIG. 3. Energy distributions of a proton beam with average
energy 340 keV just arriving at the interface between Mo and
LiF. The effective Mo thickness is 4.53 X IO' atoms/cm . The
plotted spectrum corresponds to the experimental result ob-
tained assuming a Gaussian shape while the distribution calcu-
lated from the Vavilov theory is depicted by the solid curve.

lites in the target film. In order to estimate the contribu-
tion from film nonuniformity, we use the following rela-
tion:

IV. RESULTS AND DISCUSSION

Figures 4(a) and 4(b) show the energy dependence of the
reduced straggling I /I z for the proton beains passing
through Al and Ni films, respectively. The solid circles
and the experimental data corresponding to
[I;+I,]' /I ii and the open circles, the corrected values
I;/I ii. The dotted and solid curves denote the theoreti-
cal values given by Lindhard and Scharff and by Chu,
respectively. Vavilov's values coincide ~ith Bohr's values
swithin 1%. The experimental results support the local-
electron-density models (of Lindhard and Scharff and of
Chu) for both Al and Ni targets. There are large
discrepancies between the experimental data and the

I
&
——8 ln2(dE/dx) 5x

where dE/dx is the stopping power of the target film and
5x the standard deviation of the fluctuation of the target
thickness. From the result of the surface profile measure-
ment, we use the values of 5 to 7 nm for 5x. As Besen-
bacher et a/. ' pointed out, the spatial correlation'effect
in the solid target is much smaller than in a gas target.
Therefore, this effect is neglected in the present work.
Concerning the charge-state fluctuation, Brandt and
Sizmann ' showed that the electron cannot be bound to
the fast proton penetrating a solid medium due to col-
lision broadening and collective screening by the valence
electrons. It is natural to expect that neutral hydrogen
atoms are formed at the exit surface. From the above dis-
cussion, the total energy straggling observed is approxi-
mated by

~~ =~O+ I'i'+ ~s (10)

where I, denotes the electronic straggling of interest.
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FIG. 5. Z2 dependence of the normalized energy straggling
for 340-keV proton beams. The solid circles are the raw data
measured by the present experiment and the open circles, the
data corrected for film nonuniformity. The solid, dashed, and
dot-and-dash curves are the theoretical predictions given by
Bohr, by Lindhard and Scharff, and by Chu, respectively.
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ment with the sum of Chu's values and the spatial correla-
tion term. The results presented above support Chu's
model and, in addition, suggest the significant contribu-
tions from film nonuniformity for solid targets and from
the spatial correlation of the atomic electrons for gaseous
targets.

We can express approximately the energy dependence
of the reduced straggling calculated from Chu's theory by

FIG. 4. (a) Reduced straggling values for the Al film plotted
as a function of the incident energy of proton beams. The solid
circles denote the raw data of the present experiment and the
open circles, the data corrected for film nonuniformity. The
solid and dashed curves are the theoretical predictions of Chu
and of Lindhard and Scharff, respectively. (b) Reduced strag-
gling values for the Ni film plotted as a function of the incident
proton energy. The notation is the same as that used in (a).

theoretical values based on the free-electron models (of
Bohr and of Vavilov) at the relatively low energies of 340
and 484 keV. Friedland and Kotze' reported the energy
dependence of the reduced straggling for proton and
deuteron beams passing through Cu foils. Their data are
consistent qualitatively with the theoretical values calcu-
lated from the local-electron-density models, but 20—30%%uo

larger than Chu's values. We can expect that their results
agree with Chu's prediction, if correction for the influence
of foil inhomogeneity is made. Similar results were re-
ported on the energy straggling of He beams in Al, Ni,
and Au foils by Harris and Nicolet. Also in this case,
one can expect the agreement between their data and
Chu's values, if one subtracts the contributions from the
effects of foil inhomogeneity and charge-state fluctuation.
Besenbacher er a/. ' measured straggling values for hy-
drogen and helium ions passing through various gases in
the energy range 40 to 1000 keV/amu. Their results for
proton bmus in Ne, Ar, Kr, and Xe are in good agrce-

I'/I'ii ——1 —a exp( —bE)/v E .

The coefficients a =0.152 and b =0.8 for Al and
a =0.181 and b =0.25 for Ni targets. Formula (6) is very
useful in simulating backscattering and excitation spectra.

Figure 5 shows Zz dependence of the normalized
straggling for the 340-keV proton beams. The solid
circles are the experimental data corresponding to
[(I;+I;)/NbRj' and the open circles, the corrected
ones for I;/v'NhR. Theoretical values given by Bohr,
by Lindhard and Scharff, and by Chu are depicted by
solid, dashed, and dot-and-dash curves, respectively.
Vavilov's values are almost the same as Bohr's values. It
is clearly seen that the corrected values agree with Chu's
prediction within 5% except for the case of Y targets.
Lindhard and Scharff's model gives too small straggling
values for the target materials with relatively high Z
numbers. For the Ag targets, the present datum agrees
with the experimental one [(0.625+0.027) X 10
keV cm] reported by Moiler and Nocken" within experi-
mental uncertainty. The experimental error in this work
is estimated to be at most 5%. This originates mainly
from film nonuniformity and the best-fitting process of
the excitation spectrum.

V. CONCLUSION

The energy and Zq dependences of the energy strag-
gling have been investigated systematically. The present
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results certify the vahdity of Chu's prediction based on
the Hartree-Pock-Slater model and reveal the significant
contribution from the film nonuniformity for solid tar-
gets. The reduced straggling values calculated from Chu's
model can be expressed approximately in a simple form as
a function of a beam energy. This formula could be uti-
lized for simulation of backscattering and excitation spec-
tra with good accuracies. Concerning the Zi dependence
of the energy straggling, this work may be the first at-
tempt to get reliable and systematic data for proton beams
with relatively low energies. The present results reveal
that the atomic shell structures must be taken into ac-

count even in the fluctuation of the energy-loss distribu-
tion as a second-order phenomenon of the slowing-down
process.
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