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Energy straggling of protons through thin solid foils
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The energy straggling of protons penetrating thin foils is theoretically and experimentally investigated for
intermediate and high impact velocities. We calculate separately the contributions due to the interaction of the
projectile with valence and core electrons. The energy straggling originated in the valence band is evaluated
within the dielectric formalism, using the Mermin-Lindhard dielectric response function. The contribution
coming from the core ionization is calculated with the continuum-distorted-wave–eikonal-initial-state~CDW-
EIS! approximation. The predictions of the model are compared with recent measurements for Al, Zn, and Au
targets. In addition, experimental results of straggling for Si are presented. The transmission method is used to
measure the straggling, and experimental data are corrected to consider roughness effects. Theoretical values
are in good agreement with the experiments in the whole range of energies considered. At low energies the
binary interaction with valence electrons is the dominant mechanism, while the inner-shell contribution be-
comes the most important one as the energy increases.
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ra
re
a
t

s
er

fo
er
e
u
ts
ro
h
g

ti
io
c
th
.
ta
is

lli
e
ti

ned
of

as
it

ity

all
to be
-

ro-

the

stic

ce

ed
st
nse
ns

gths
rk
I. INTRODUCTION

When an ion beam penetrates matter it experiences a
dom set of collisions with valence electrons and atomic co
of the solid. As a result of these collisions the beam of p
ticles spreads in energy. The parameter that describes
effect is called energystraggling, and is usually defined a
the square root of the mean square deviation of the en
distribution.

In the present work, the energy straggling per unit pathV
is investigated, both theoretically and experimentally,
protons moving inside different solids. We analyze the int
mediate and high impact energy range. Concerning the
perimental values, in this paper we extend recent meas
ments@1# of energy straggling in various solids to Si targe
Since the topography of the sample plays an important
in the determination ofV, experimental values obtained wit
the transmission method are corrected to discount foil rou
ness effects.

The work is organized as follows. In Sec. II the theore
cal models used to calculate valence and core contribut
to the energy straggling are outlined. The experimental te
nique and the correction employed to take into account
roughness effect of the sample are described in Sec. III
Sec. IV results are shown and discussed, and Sec. V con
our conclusions. Atomic units are used unless otherw
stated.

II. THEORY

When a projectile with chargeZP penetrates into a solid
with velocity v, it loses energy as a consequence of co
sions with electrons of the material. These collisions hav
statistical nature and produce a dispersion in the projec
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energy. The dispersion of the ion energy can be determi
throughV2, which is defined as the mean square deviation
the energy distribution per unit path length. Niels Bohr w
the first one@2# to evaluate the energy straggling per un
path,

V`
2 54pNatZP

2ZT , ~1!

whereZT andNat are the atomic number and atomic dens
of the target, respectively.V` is usually known as Bohr
straggling. SinceV` is deduced on the assumption that
target electrons can be considered as free, it is expected
valid in the high velocity limit. At low and intermediate im
pact velocities, deviations from the Bohr stragglingV` arise,
and a detailed description of the involved energy-loss p
cesses is necessary to calculateV.

In metallic solids we can separate the contributions to
straggling coming from collisions with valence- (VV) and
inner-shell (V IS) electrons as

V25VV
21V IS

2 . ~2!

At the considered energies the straggling produced by ela
collisions with target nuclei is negligible.

We evaluate the contribution coming from the valen
band with the dielectric theory@3#, while the energy strag-
gling due to collisions with inner-shell electrons is calculat
with an atomic collisional model. In previous works this la
contribution has been evaluated by extending the respo
function of a free-electron gas to include bound electro
~local density approximation! @4,5#, or by considering an
atomic model represented by generalized oscillator stren
@6#. Details of the theoretical models employed in this wo
to describeVV andV IS are summed up below.
©2002 The American Physical Society01-1
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A. Valence contribution

We calculate the valence stragglingVV within the frame-
work of the usual dielectric formulation@3,7,8#, which yields

VV
252

2ZP
2

pv2E0

`dq

q E
0

vq

dv v2ImF 1

e~q,v!G , ~3!

whereq andv are the momentum and energy transfers,
spectively, ande(q,v) is the dielectric function of the solid
To describee(q,v) we used the Mermin-Lindhard approx
mation @9#, which allows us to deal with finite values of th
plasmon lifetimeg21.

On the other hand, the interaction with valence electr
involves two different mechanisms: the excitation of colle
tive modes~plasmons!, and the excitation of free electron
by binary collisions with the projectile. The energy stra
gling VV given by Eq.~3! includes these two mechanism
without separating their contributions. However, as far as
deal with a free-electron gas, it is possible to decompose
valence straggling asVV

25Vsp
2 1Vc

2 , whereVsp is the strag-
gling produced by single-particle collisions, andVc is the
one originated by collective excitations@8,10#. The strag-
gling contributionVsp becomes

Vsp
2 52

2ZP
2

pv2E0

`dq

q E
0

qv
dv v2ImF 1

e~q,v!G3Q~kF
22B2!,

~4!

with B5(v2q2/2)/q. Note that the Heaviside functio
Q(kF

22B2) defines the binary region, where the two-partic
system~projectile and active electron! conserves the energy
The straggling contribution of collective excitationsVc is
obtained by subtracting Eq.~4! from Eq. ~3!, i.e., Vc

25VV
2

2Vsp
2 . We must mention that Eq.~4! is exact when using the

Lindhard dielectric function only. Nonetheless, the appro
mation is still valid for finite values ofg!vp .

B. Inner-shell contribution

The energy dispersion per unit path produced by ioni
tion from the initial bound statei, V i , is given by@11#

V i
25

~2p!4 Nat

v2 E dk fE dh Q~kf2kF!v i f
2 uTikW f

u2, ~5!

where k f is the final electron momentum,kF is the Fermi
momentum, andh is the transversal momentum transfer. T
variablev i f is the energy gained by the electron in the tra
sition i→kW f , andTikW f

is the correspondingT-matrix element.
Assuming that the nonionized core electrons remains ‘‘f
zen’’ during the collision, the problem is reduced to on
active-electron system, and the Heaviside functionQ(kf
2kF) imposes the Pauli exclusion principle.

To evaluateTikW f
we employ the continuum-distorted-wav

eikonal-initial-state~CDW-EIS! approximation, which is a
quantum-mechanical method that considers the distortio
the electron waves produced by the projectile in the ini
04290
-

s
-

-

e
he

-

-

-

-
-

of
l

and final channels of the collision. This method has be
found to be successful in explaining the ionization proc
for a large variety of collision systems@12#. With the CDW-
EIS model theT-matrix element reads

TikW f

CDW2EIS
5^xkW f

CDWuWf
†ux i

E&, ~6!

wherexkW f

CDW is the final CDW wave function, which contain

a product of two continuum states, one around the target
the other around the projectile,x i

E is the eikonal wave func-
tion, andWf is the final perturbative potential. The total co
contribution is obtained by adding over all occupied init
states, that isV IS

2 5( iV i
2 , where the indexi denotes the

different atomic inner-subshells.

III. EXPERIMENTAL PROCEDURE

As in the previous cases of Al, Zn, and Au targets@1#, the
straggling determinations for Si presented here were m
by the transmission method. The self-supported~2 mm diam-
eter! amorphous silicon foils were made by evaporation u
der clean vacuum conditions on a very smooth plastic s
strate @13# which was subsequently dissolved. The fo
thicknesses were determined by matching energy-loss m
surements at higher energies~100 to 200 keV! with recent
stopping cross-section determinations@14#, yielding a value
of 20 nm. An exhaustive analysis of the Si foils was p
formed, so that the impurity concentration, sample topog
phy, and crystalline structure has been analyzed by Au
Electron Spectroscopy, AFM~atomic force microscopy!, and
TEM ~transmission electron microscopy!, respectively. The
Auger spectroscopy revealed that the main impurities
carbon and oxygen with a total combined concentration
.10%. The AFM studies yielded a roughness coefficienr
of 12%, with r defined as the variance of the foil thickne
distribution relative to the mean foil thickness. Thisr value
was corroborated by anin situ analysis using ion beams@15#.
As TEM microscopy showed, the foils were amorphous w
a high degree of uniformity and no pinholes were appare

The effect of the impurities has been evaluated using t
oretical straggling values for O and C@16#, yielding an effect
of .2% which lies well within the experimental uncertain
ties. The main factor affecting the measurements is the
roughness. The present experimental data are correcte
this using the formulaV25Vexp

2 2r2DE2 @17#, whereVexp is
the measured straggling andDE is the measured energy los
Because of the differences in the energy dependences oDE
andV, the incidence of this roughness correction varies w
the projectile energy. The values of the resulting correctio
have been represented with error bars in the Figs. 2–5,
as can be seen, they are more important at low energies

More experimental details can be found in Ref.@1#.

IV. RESULTS

We study the energy straggling for protons impinging
four different solids: Al, Si, Zn and Au. They are metals, wi
the only exception of Si which is a semiconductor with
1-2
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very small gap. The parameters used to describe these t
materials are shown in Table I~see@18–20#!.

We assume that target atoms cedenV electrons~as given
in Table I! from their outermost shells to the free-electr
gas, keeping the remainingZT2nV electrons in bound levels
In the calculation of the inner-shell contribution the targ
cores are considered as isolated, and no correction is
cluded to take into account that they are part of the solid.
Al, Si, and Zn, the bound states are described by Hart
Fock functions@21# corresponding to the ions Al31, Si41,
and Zn, respectively. In the case of Au, instead, hydrogen
wave functions with effective charges~derived from Hartree-
Fock eigenenergies@22#! are used. For all the targets, th
final continuum state is represented as a Coulomb w
function with an effective charge corresponding to the bin
ing energy. In the considered energy range, the contribu
coming from theK shell can be neglected in the evaluati
of the straggling because the ion velocity is not large enou

To investigate the sources of the energy dispersion, in
1 we plot the partial contributions involved in the valen
and inner-shell straggling, as a function of the impact ene
Two metal solids are considered, aluminum in Fig. 1~a! and
zinc in Fig. 1~b!. The valence contributionsVsp

2 andVc
2 are

displayed with solid lines, while the contributions from th
different atomic subshells are plotted with dashed lines.
low energies, below the threshold of atomic ionization, o
collisions with electrons of the conduction band contribute
the energy dispersion. And in this process, the binary co
sions are the dominant mechanism, even above the thres
of collective excitations, which is determined by the veloc
v th.vp /qc with qc5AkF

212vp2kF , where vp

5(4pnV Nat)
1/2 is the plasmon frequency. Contrary to th

mean energy loss, where plasmon and single-particle co
butions are of the same order~equipartition rule, in the high
energy limit! @3#, the collective stragglingVc

2 is negligible
compared withVsp

2 in the whole energy range considered. A
an example, at 100 keV the single-particle and collect
energy loss per unit path in Al are 0.149 and 0.056, resp
tively, while the corresponding values of straggling are 0.3
and 0.039. This result is a consequence of the presence o
factor v2 in Eq. ~3!, which reinforces the contribution o
binary ~head-on type! collisions. It is also in agreement wit
similar findings of Kimuraet al. @23# in collisions with sur-
faces.

As the projectile velocity increases, the contribution

TABLE I. Parameters involved in the straggling of protons,
atomic units. Atomic numberZT , atomic densityNat , number of
electrons ceded to the free-electron gasnV , and damping coeffi-
cient g. Bohr’s values of the valence (V`V

) and total (V`) strag-
gling.

ZT Nat (1022) n
V

g V`V

2 V`
2

Al 13 0.892 2.83 0.037 0.317 1.457
Si 14 0.74 4.21 0.156 0.372 1.302
Zn 30 0.974 3.2 0.4 0.392 3.68
Au 79 0.874 8.21 1.5 0.901 8.68
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bound electrons starts to be relevant following a stripp
scheme, i.e., from external to internal shells. At intermedi
energies the external shells of the ionic cores are more ea
ionized than the internal ones, while the lower states pla
significant role in the higher velocity region. From Fig. 1~a!
we observe that the energy straggling produced by ioniza
from the K shell is negligible, as mentioned above.

We have also studied the contribution to the energy str
gling due to charge exchange processes by employing
eikonal impulse approximation@24#. In particular, for an alu-
minum target, the energy straggling produced by capt
from inner shells of the target atoms isVcap

2 50.019 and
0.018 a.u. at 50 and 100 keV, respectively. These values
more than one order of magnitude lower than the vale
contribution and decrease as the energy increases. There
we have neglected charge exchange contributions in our
culations.

In Fig. 2 we plot our theoretical and experimental resu
of the energy straggling for silicon as a function of prot
energy. The values are normalized to the Bohr valueV`

given by Eq.~1!. To appreciate the energy range where ea
mechanism is important, partial contributionsVV /V` and
V IS /V` are also displayed in Fig. 2. At low impact energi
the interaction with valence electrons is the dominant mec
nism, but when the energy increasesVV /V` reaches a satu
ration value, andV IS /V` starts to be relevant. The
asymptotic limit ofVV for high velocities is obtained from
Bohr’s model by considering the interaction with conducti
electrons only, which yields@25# V`V

5ZPvp . Bohr’s pre-

dictions for valence and total straggling forZP51 are given
in Table I. Since the vertical bars represent the correction

FIG. 1. Partial contributions to the energy straggling of proto
in ~a! Al and ~b! Zn as a function of the impact energy. Solid line
valence contribution from single-particle~sp! and collective~c!
mechanisms; dashed lines, inner-shell contributions.
1-3
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the experimental data due to foil roughness@1#, the agree-
ment between theoretical and experimental values is con
ered good, especially at high energies. Other experime
values, obtained by Ikedaet al. @27# and corrected for the
foil roughness effect, are also shown in Fig. 2, and a con
tency of these data with our values is observed. A rec

FIG. 2. Reduced energy stragglingV/V` for protons moving in
Si as a function of the impact energy. Full circles, this experim
without foil roughness correction; negative error bars indicate
maximum possible foil roughness effect; open down-triangles,
perimental data from Ref.@27#; dashed-dotted line, experimental fi
from Ref. @14#; thick solid line, theoretical prediction of reduce
energy stragglingV/V` ; thin solid and dash lines, theoretical va
ues of the valence (VV /V`) and inner-shell (V IS /V`) contribu-
tions, respectively.

FIG. 3. The same as Fig. 2 for Al. Open up-triangles, expe
mental data from Ref.@26#.
04290
id-
tal

s-
nt

experimental fit by Konacet al. @14#, displayed as a dash
dotted line, yields higher values as compared with
present results.

Figures 3, 4, and 5 display the reduced energy stragg
V/V` as a function of the incident energy for Al, Zn, and A
targets, respectively. For these targets our theoretical pre
tions are compared with previous experimental data of R
@1#. As in the case of silicon, the collisions with valenc
band electrons determine the energy dispersion at low vel
ties, while the interactions with the atomic cores provide
important contribution toV at high velocities. Taking into

t
e
-

-

FIG. 4. The same as Fig. 2 for Zn. Open up-triangles, exp
mental data from Ref.@26#; open squares, experimental data fro
Ref. @28# for Cu.

FIG. 5. The same as Fig. 2 for Au. Open squares, experime
data from Ref.@28# for Pt.
1-4
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ENERGY STRAGGLING OF PROTONS THROUGH THIN . . . PHYSICAL REVIEW A65 042901
account the correction due to the foil roughness, the pre
theoretical results are in good agreement with the experim
tal data for Al and Zn, but they slightly overestimate t
experiments for Au. For this case, we can mention two p
sible sources of error in our calculations. First, for gold
employ hydrogenlike functions with effective charges~in-
stead of Hartree-Fock-Slater ones!, and it is expected that th
use of more appropriate wave functions gives a more pre
value of the inner-shell contribution. And second, since
has a high atomic number, its outermost atomic shells
easily ionized leading to a not-well-defined number of el
tronsnV in the conduction band, and also to a high value
the inverse plasmon lifetimeg. Both factors introduce an
additional uncertainty in the theoretical values ofVV . Ex-
perimental data measured by other authors are also inclu
in the figures. In Fig. 3 for Al targets we compare our e
perimental results with previous data of Kido@26#, obtained
by using the nuclear resonance reaction technique. Th
data fit smoothly with our results at high impact velocitie
To allow some further comparison with other experimen
data of the neighboring elements Cu and Pt@28# are also
displayed in Figs. 4~Zn! and 5~Au!, respectively.

V. CONCLUSIONS

We have presented a consistent method to evaluate
energy straggling of protons traveling through solids. T
method is based on the separation of the contributions c
ing from valence and inner-shell electrons. The usual die
tric formalism with the Mermin prescription for the dielectr
response function is used to account for valence stragg
while the CDW-EIS approximation is employed to descri
the core ionization process.

The theoretical model is applied to the collisional syste
composed of protons moving inside Al, Si, Zn, and Au so
targets, with intermediate and high velocities. For Al, Z
d

s

04290
nt
n-

-

se

re
-
f

ed
-

se
.
,

he
s

-
c-

g,

s

,

and Au, the theoretical results are compared with recent
perimental data@1#, while for Si new energy straggling mea
surements are presented. The experimental determina
have been performed with a straightforward procedure,
transmission method, and an exhaustive analysis of the
foil conditions has been carried out. Theoretical predictio
are in good agreement with the experiments for Al, Si, a
Zn. However, the model gives slightly higher values than
measured straggling for Au, and possible origins of this d
crepancy have been put forward.

The different mechanisms involved in the energy disp
sion are also investigated, and the collective excitation
valence electrons is found to have a minor influence in
energy straggling. The energy dispersion produced by sin
particle collisions with valence electrons is the domina
contribution at low energies, reaching a saturation va
when the velocity increases. On the contrary, inner-sh
straggling becomes important at intermediate and high
locities; and core electrons belonging to outermost shells
more easily ionized than the internal ones.

We finally stress that, although straggling measureme
are generally affected by larger uncertainties~mostly due to
the target roughness effect! as compared to stopping powe
values, they show in a more direct way the various contri
tions of valence and inner shell electrons, in particular wh
the energy dependence is studied on a wide range. In
way, the analysis of straggling data yields an additio
method of testing different theoretical models for the ene
loss mechanism.
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