PHYSICAL REVIEW A 78, 032901 (2008)

Energy loss versus exit angle for H* and He* ions channeled in Au (100) at very low energies,
and observation of a molecular effect for incident H,*
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The variation of the energy loss versus the exit angle in channeling experiments using H*, He*, and H*
fragments produced by the incidence of H,* on thin gold crystals oriented in the (100) direction has been
investigated in the low-velocity range, corresponding to energies below 10 keV/u. The experimental results for
H* and He" were compared with computational simulations performed with the MARLOWE code, considering an
impact-parameter-dependent energy loss based on electron density calculations and low-energy stopping power
models. The comparisons provide information on the impact-parameter dependence of the energy loss for
channeled ions and serve as a test of theoretical models in the present low-energy range. A molecular effect is
observed for the transmitted H* fragments corresponding to H," incidence. This effect is explained based on
geometrical considerations and a vicinage effect in the energy loss of correlated protons.
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I. INTRODUCTION

The channeling phenomenon was discovered and formally
established by computer simulations and experiments in the
early 1960s [1-5], and is today a well-known phenomenon in
the area of ion-solid interactions and materials analysis; a
general theory to describe the effect was developed by
Lindhard in 1965 [6]. A recent review provides a good cov-
erage of the field of research [7].

The energy loss and its angular dependence for light ions
in gold and other materials have been studied experimentally
and theoretically for monocrystalline and polycrystalline
samples [8—20], mostly for intermediate and high energies.
The problem of angular effects in the energy loss of chan-
neled ions at low energies is, however, a less explored ques-
tion. Since the mean density of the valence electrons in an
open crystalline channel is lower than the one seen along a
random direction, one expects differences in the energy loss
of ions in the two cases. This effect has been observed and
studied in different crystallographic directions of various el-
ements at high energies [3-5] and also observed in low-
energy experiments using thin monocrystalline samples by
detecting the ions emerging at 0° with respect to the original
beam direction [21,22].

There is both theoretical and experimental interest in
quantifying the channeling effect in the energy loss, particu-
larly in the low- to very low-energy range (velocities below
the Bohr velocity vy, down to ~0.2v,), which is a demand-
ing range both for experiments and for a theoretical under-
standing of the basic interaction processes. A subject of par-
ticular interest is the case of channeling of a pair of protons
produced simultaneously by the fragmentation of H," inci-
dent on monocrystalline foils. The existence of a so-called
vicinage effect in the channeling of correlated protons was
predicted long ago [23], but experimental evidence for the
low-energy range was obtained only recently [24].

In this work we present measurements of energy losses of
slow H*, H* fragments from H2+, and He" ions transmitted
through a thin gold monocrystal along the (100) direction, as
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a function of the exit angle in the velocity range below
10 keV. The study includes computer simulations based on
the MARLOWE code [25] and comparisons with solid-state
electron density calculations and low-energy stopping power
models. Finally, a simple model is presented to analyze the
vicinage effect in the energy loss observed in experiments
using H," beams.

II. EXPERIMENT

The ion beams were generated in an electrostatic accel-
erator with a hot discharge ion source followed by a mass
selection filter and electrostatic bending for elimination of
neutrals (Fig. 1). The emerging ions were energy analyzed by
a rotatable electrostatic spectrometer with 1.5% resolution
and detected by an electron multiplier followed by pulse-
processing electronics and a multichannel scaler. The monoc-
rystalline Au targets oriented in the (100) direction were
mounted perpendicular to the beam direction on a 3 mm
transmission-electron-microscope grid. The thicknesses, de-
termined by energy-loss measurements and comparison with
previous channeling stopping power experiments [22], were
120 and 134 A, respectively. With this setup the energy-loss
values have been determined with a dispersion of =5 eV and
an accuracy of =10%, the main error source being the accu-
racy of the reference stopping power values.

The angle of detection € was changed by rotating the
analyzer around the target in a plane containing the incident
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FIG. 1. Schematic experimental setup. (1) Ton source. (2) Ac-
celeration and focusing stages. (3) Wien filter. (4) Electrostatic de-
flector. (5) Secondary electron collector. (6) Gold sample. (7) Ro-
tatable electrostatic analyzer. (8) Electron multiplier.
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FIG. 2. Experimental values of the energy loss versus detection
angle for (top to bottom) (a) 9 keV H*, (b) 5 keV H*, (¢) 5 keV/u
H,* fragments, (d) 2.25 keV/u He*, and (e) 1.25 keV/u He*. (a)
corresponds to a 120 A foil, and (b)—(e) to a 134 A foil. The values
of the energy loss at zero angle are the following: (a) 1008, (b) 782,
(c) 764, (d) 1007, and (e) 695 eV.

beam direction. The acceptance angles of the spectrometer
were 0.5° along the detector’s direction of motion, and 1.8°
in the perpendicular direction. Further experimental informa-
tion was given in Ref. [20].

A. Experimental results

In Fig. 2 we show the experimental results obtained for
(a) 9 keV H*, (b) 5 keV H*, (c) 5 keV/u H* fragments from
H,*, (d) 2.25 keV/u He*, and (e) 1.25 keV/u He* in gold
foils of thicknesses 120 [case (a)] and 134 A [cases (b)—(e)].
The values of AFE in this figure are the mean values of the
energy-loss spectra obtained from two or more measure-
ments, with the corresponding zero-angle values AE(0) sub-
tracted (see figure caption). In the restricted angular range
considered here, other well-known effects that contribute to
the angular dependence, such as path-length enlargement and
variation of the nuclear energy loss [19], are of negligible
incidence. In the experiments with H," the experimental val-
ues correspond to the energy losses of the protons emerging
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FIG. 3. Variation of the energy loss with emergence angle for
5 keV H* channeled in a 134 A foil, and for the H* fragments
resulting from 5 keV/u H,", channeled in the same foil. In both
cases the energy-loss values have been referred to the value mea-
sured for single protons at zero exit angle.

as a result of the dissociation of the molecular ion. It may be
noted that the energy losses for channeling conditions are
smaller than the corresponding values for random incidence
(or in polycrystalline gold foils) by a factor ~0.7-0.9 (this
agrees with previous measurements by Blume et al. [10,22]).

In Fig. 3 we compare the energy losses of the transmitted
protons obtained by the incidence of H* with those of the
dissociation fragments of H,". We observe a nearly constant
difference of about 20 eV between both curves. To gain fur-
ther insight into this effect, we show in Fig. 4 the energy loss
spectrum of the emerging H* fragments from H," and the
corresponding spectrum of H* arising from the incidence of
protons with the same velocity. We observe a coincidence of
the curves on the side of high energy losses and a significant
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FIG. 4. Experimental spectra for 5 keV H* and for H* frag-
ments from 5 keV/u H," transmitted through a 134 A foil, mea-
sured at zero exit angle.
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FIG. 5. Coordinate system used in the computer simulations: the
family of (100) planes is perpendicular to the Z axis. The detection
angle 6 and azimuthal angle ¢ are also indicated.

difference at the low-energy-loss flank. The figure corre-
sponds to measurements at zero angle but the same behavior
was observed at all the measured angles. A model explaining
this behavior is presented in a forthcoming section of this

paper.

III. COMPUTER SIMULATION

The energy loss simulations were performed using the
MARLOWE code [25], which is a standard code for atomic
collisions in solids. The fcc gold crystal target was oriented
with the (100) planes perpendicular to the beam direction.
The lattice vibrations are taken into account by the Debye
model, considering the crystal at room temperature. The co-
ordinate system used in the simulations is show in Fig. 5,
where the Z axis is oriented toward the inside of the sample
and perpendicular to the (100) planes.

The interaction of the moving ions with the crystal is
represented by the Moliere potential, namely,

YAYS
V(=== 2 be, (1)
r =123

where y,=a/Il’;. The constant a is the screening parameter
and was chosen following Lindhard,

0.8853a,
a=B—Sr a5
(Z%B +Z§/3)l/2

(2)

here Z, and Z, are the atomic numbers of projectile and
target, a, is the Bohr radius, I';={0.3,1.2,6}, and b;
={0.35,0.55,0.1}. The factor 8 is a correction coefficient
taken from Ref. [26]; for H and He ions interacting with gold
it is very close to 1.

The inelastic energy-loss model combines an impact-
parameter-independent term with an impact-parameter-
dependent one, with a separation coefficient a (a model pa-
rameter whose value is in the range 0-1) [25]. The energy
transfer to target atoms was simulated using two alternative
models. In the first case, we used the Oen-Robinson model
[27] for the impact-parameter dependence, given by
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FIG. 6. Ion trajectories for 5 keV protons penetrating a gold
sample oriented along the (100) direction.
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The first term of the sum in Eq. (3) represents the nonlocal
contribution, where r,,,, is an equivalent atomic radius of the
target, while the second term contains the impact-parameter
dependence in the original form proposed by Oen and Rob-
inson in terms of the minimum distance of approach p of the
ion to a target atom, and with k=1—(1+7r,,/y;)e ™/,

Second, we propose an alternative model for the impact-
parameter dependence in the form of a Gaussian function,
given by

S
AEOR(p) =« 28 + (1 - a/)

max

See_p2/7/2
W

Se
AE,(p) = a—;

max

+(1-a)

where x'=1-¢m'?" and v' is a parameter that may be
fixed by comparison with ab initio calculations [28-30] or
by adjustment to the experimental data. S, is the electronic
stopping cross section, obtained from the experimental re-
sult, by S,=(1/N)(AE/Ax), where AE is the energy loss at
zero angle, N is the atomic density, and Ax is the thickness of
the sample.

For comparison with the experiments, the elliptical angu-
lar acceptance geometry of the rotatable electrostatic spec-
trometer was taken into account in the analysis of the simu-
lation results. For a more complete analysis, the simulated
detector plane can be rotated with respect to the initial ion
direction or, equivalently, the sample can be rotated by the
azimuthal angle ¢.

A. Results of the simulations

In Figs. 6 and 7 we show two examples of proton trajec-
tories obtained from this simulations, where the characteris-
tics of the channeling phenomenon are very clearly observed.
Figure 6 gives a general view of the process and covers a
wide range of thickness; it shows trajectories of dechannel-
ing as well as others that indicate rechanneling in parallel
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FIG. 7. lon trajectories for 9 keV protons moving in a gold
target along the (100) channel.

channels. The ends of the trajectories correspond to implan-
tation sites. The nine spots in the lower graph of Fig. 7 show
columns of atoms. In this figure the confined character of the
trajectories is clearly observed.

Let us consider now the results of these simulations. We
show in Fig. 8 the average of simulated energy-loss curves
for azimuthal angles varying from 0° to 45°, for (a) 9 and (b)
5 keV H* channeled in 120 and 134 A foils, respectively,
compared with the experimental data. The triangles show the
average of the Gaussian model, the squares the results of the
Oen-Robinson model. To reproduce the experiments in the
best way in these cases we used values of «=0.90 and 0.85,
respectively. Figure 9 shows experimental and simulation re-
sults for (a) 2.25 and (b) 1.25 keV/u He* transmitted in the
same 134 A Au (100) sample. With the exception of one data
point in case (b), the comparisons are similarly good as in

PHYSICAL REVIEW A 78, 032901 (2008)

70 LT T T T T T T T T T T T T ./é_
r + " 7 T9
60 | H" 9keV —» Au<100>120 A o’ i
o
- -
% Experiment o’ -

50 |- - a- Garijssian N Pt 7
— S -
> r --o-- Oen-Robinson e Tiae
~— 40 e -
W 3g | ar _
< 5
1 + Va /' -
=, L'
220 | %%/ i
L L . : J
< %

10 | %/ -

R

0-%"’% (@ -
B e Em A s e e

60 - )
+
H™ 5 keV —> Au<100> 134 A
50 : )
* Experiment —7
I . A
Sl “* Gaussian L
o --o-- Oen-Robinson o g |
S Pl
T30k B ]
< , ‘ -
1 <
o= 4 |
< .

AT AU NV SRS (A RS S R
o 1t 2 3 5 6 7 8

4
angle (deg)

FIG. 8. Angular dependence of the energy loss of 9 and 5 keV
protons transmitted through 120 and 134 A Au (100) samples. The
star symbols show the experimental values, while the symbols
joined by lines show the simulation results using the Oen-Robinson
and Gaussian models.

the previous cases. For these cases we used values of «
=0.80 and 0.70 respectively.

In our energy range, the simulation results showed a weak
dependence of the energy loss on the impact parameter. The
physical reason for this behavior may be attributed to the
relatively small inhomogeneity of the electron density distri-
bution within the channels of the gold crystal (at least for the
regions explored by low-energy light ions). The best agree-
ment between the simulations and the experiments is ob-
tained when the relative contribution of the impact-
parameter-independent term in Eq. (3) is approximately
between 70% and 90% (i.e., between a=0.70 and 0.90) for
all the cases studied.

IV. DISCUSSION AND COMPARISON WITH
THEORETICAL CALCULATIONS

The results of a large number of simulations and compari-
sons with experiments may be cast in a more illustrative way
by considering the impact-parameter dependence of the en-
ergy transfer from the incident ion to the electrons of a target
atom, with the purpose of reaching physical insight into the
characteristics of the energy-loss mechanism involved in the
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FIG. 9. Angular dependence of the energy loss of 2.25 keV/u
He* and 1.25 keV/u He* transmitted through a 134 A Au (100)
sample. The star symbols show the experimental values, while the
symbols joined by lines show the simulation results using the Oen-
Robinson and Gaussian models.

channeling process, and also to allow comparisons with the-
oretical models. Figure 10 shows the position dependence of
the local stopping force for 5 keV protons channeled in a Au
crystal. The line with circles (ZBL-LA) shows the values of
the local stopping power calculated according to the trans-
port cross section approach of Lifschitz and Arista (LA) [31]
and using the local density approximation (LDA) [32], with
the electronic density of gold calculated by Ziegler er al.
(ZBL) [33], while the line with triangles (VV-LA) is a simi-
lar calculation using the electronic density Valdés and Vargas
(VV) from Ref. [30] and the stopping model of Ref. [31]
(LA). The most frequent value for the impact parameter ob-
tained from this simulation is in the range of the stopping
minimum, r;=~ 1.44 A, which is also the geometrical center
of the channel.

To obtain the values of the local stopping power accord-
ing to the LDA approach, the following procedure was ap-
plied: first we determine the local values of the free electron
gas parameter r, as a function of the local density n(r) in the
solid [which provides r|r]=r,(n(r))]; then the local stop-
ping is calculated as dE/dx[r]|=n(r)vvg{rlo,r], where
v r]=1.919/rr] is the local Fermi velocity, and o, [r] is
the transport cross section for slow protons in a free electron
gas [31] with Fermi velocity vg[r]. The present treatment is

PHYSICAL REVIEW A 78, 032901 (2008)

B IR T v S T P F P F P TP e T v Py %y 1]
R
14 | 2
! —o—ZBL&LA
N
s - a- WaLA i
\ —-—--electronic density ]
12+ 3
<
>
Q10
x
R
i,
°
8L
6 |
PR SIS SR [N U SN TR [ SN SR N NN ST S SR ST SR SR S N S S S |

00 02 04 06 08 1.0 1.2 1.4
r(A)

FIG. 10. Radial dependence (with respect to a gold atom) of the
calculated local stopping power for 5 keV protons in a Au crystal,
according to the LDA, with the stopping model of Ref. [31] (AL),
and using ab initio calculations of electron densities from Refs. [30]
(VV) and [33] (ZBL). The box region delimited with dotted lines
indicates the region of impact parameters explored by the present
experiments. The dash-dotted line (partially superposed on the pre-
vious curves) shows the local electron density using the logarithmic
scale on the right-hand side, and matching with the stopping curves
at r=0 and 1.44.

appropriate to describe the region of ion velocities below the
Fermi velocity [32,34,35].

The use of the local density approximation assumes a di-
rect relation of the local stopping power with the electron
density; however, it should be noted that, while at high en-
ergies this connection is nearly linear [36], at low energies
the density dependence is much weaker. This is due to a
cancellation effect imposed by the Pauli principle on a Fermi
gas [37]. In particular, we find that in most of the pertinent
range considered here the dependence is of the form
dE/dx{r]=v{A log,o[n(r)]+B}. To illustrate this, we have in-
cluded in Fig. 10 a plot of the electron density shown with a
logarithmic scale on the right-hand side. Almost perfect co-
incidence with the energy-loss curves is observed.

In order to compare the theoretical values with those de-
duced from the computer simulations, we translate the radial
dependence of the stopping power to an equivalent impact-
parameter dependence of the energy loss. For this purpose,
the impact-parameter dependence of the energy transfer to
the target electrons AE(p) is obtained by integrating dE/dx
over a straight path with impact parameter p as follows:

1 d
Aﬁmsz§2+Ef(£m—Qw, 5)

where the first term yields the contribution of the impact-
parameter-independent term in Egs. (3) and (4) and ¢ is a
constant (impact-parameter-independent) stopping force de-
termined at the radial distance r,,,, (where the localized con-
tribution may be neglected). It represents the stopping force
corresponding to a uniform electron gas. In the second term,
C is a constant used to constrain the total electronic stopping
cross section value S, and is given by
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dE
—[r]=§&|2mp dx dp
dx

C= ,

s, — s

(6)

where S';l= &/ N is the nonlocal stopping cross section contri-
bution. In Eq. (5) we have split the theoretical stopping val-
ues into two terms, nonlocal and local contributions, to allow
a comparison in similar terms with the values obtained from
the simulations. The integration is carried out considering a
sphere of radius r,,,=1.57 A, corresponding to the equiva-
lent volume of a Au atom in the solid. In Fig. 11 we show the
impact-parameter dependence of the energy transfer AE to
the target electrons per atom for 5 keV protons channeled in
120 A Au foil, obtained by this procedure. The parameter '
in Eq. (4) was determined by adjusting the Gaussian approxi-
mation to the theoretical curve and comparing with the ex-
perimental data.

From our simulations of ion trajectories, we also deter-
mine the region where the channeling is concentrated, result-
ing in impact parameters in the range ~0.5—1.44 A. This
region is delimited by the straight dotted lines in Figs. 10 and
11. Large discrepancies between the theoretical models may
be observed in Fig. 11 in the region of small impact param-
eters; however, we find no significant differences in the re-
gion explored by the present experiments. Although the the-
oretical curve lies between the two approaches, we find a
more adequate general behavior using the Gaussian approxi-
mation.

The experimental value of the energy loss at zero exit
angle for 5 keV protons was AE(0)/Ax=5.8 eV/A. We note
that this value agrees very well with the theoretical values of
dE/dx near the center of the channel shown in Fig. 10. A
similarly good agreement, with differences in the range of
5-10 %, was obtained in all the cases studied for protons and
He ions.
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V. MOLECULAR EFFECT

The difference between the energy-loss curves for simple
proton beams and for the proton fragments produced by in-
cident H," shown in Fig. 3, together with the difference in
the characteristics of the energy-loss spectra shown in Fig. 4,
indicate the possibility of a molecular or vicinage effect in
the energy loss of correlated protons moving through the
crystal under channeling conditions, an effect that was pre-
dicted in Ref. [23]. For the present low-energy range, this
difference is expected to be negative (i.e., a reduction of the
energy loss due to vicinage effects) according to previous
experiments with polycrystal and monocrystal foils reported
in Refs. [38,39,24], respectively; a calculation based on
quantum scattering theory [40] also yields a negative vici-
nage effect in the low-energy range. A recent review of this
subject was given in Ref. [41].

In the present experiments, we interpret this molecular
effect as a result of the combination of two alternative pro-
cesses: (a) protons that enter into adjacent channels and fol-
low uncorrelated channeling trajectories, with relatively
larger internuclear distances and negligible vicinage effects
(we recall that vicinage effects are of short range in this
low-energy regime [40]), and (b) protons that enter together
in the same channel and experience a type of correlated mo-
tion, maintaining relatively close distances and being af-
fected by the (negative) vicinage effect in the energy loss.

Following this reasoning, we aim at separating the
energy-loss spectrum for proton fragments into two compo-
nents, corresponding to the cases (a) and (b) mentioned
above. To do this in an unambiguous way we first calculate
the probability that the two protons of an incident H,* mol-
ecule, having an internuclear distance r, and with random
orientation of the internuclear axis, fall into the same channel
(with a complementary fraction of protons entering into ad-
jacent channels). The method to calculate this is described in
the Appendix. Assuming an internuclear distance of about
1.3 A [42], the analysis yields a probability factor P,
=0.45 for the possibility that two such protons enter into the
same channel.

Then, we perform a deconvolution of the experimental
spectrum into two energy-loss curves as described in the fol-
lowing. The curve indicated as “total” in Fig. 12 is the origi-
nal spectrum for the H* fragments (the same as in Fig. 4). We
denote by S, the area under this curve. The two components
are determined in the following way: first we plot the data
curve A corresponding to the fraction of uncorrelated pro-
tons, which is a scale reproduction of the experimental spec-
trum resulting from proton beams (Fig. 4), but with an area
scaled according to (1—Pg,)S,; and then we determine a
curve B by the difference between the two previous data
curves (total and A). Obviously this procedure assures that
curve B has the expected area P,S,, and preserves the prob-
abilities calculated for processes (a) and (b) in the Appendix.
Note also that, in this way, curve B is determined by subtrac-
tion of two experimental curves.

The result of this deconvolution is represented in Fig. 12,
which shows how the total spectrum separates into two com-
ponents due to correlated (curve B) and uncorrelated protons
(curve A). We clearly observe that curve B shows a vicinage
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FIG. 12. Experimental energy-loss spectrum of the emerging H*
fragments obtained from the incidence of 5 keV/u H," ions (curve
“total”). Curve A reproduces the energy losses of 5 keV H* with a
scale factor as determined in the text. Curve B represents the de-
duced spectrum corresponding to fragments channeled within the
same channel (correlated protons).

effect consisting in a displacement of the curve and hence a
reduced energy loss. The magnitude of the effect, repre-
sented by the shift in the mean energy-loss values of curves
A and B, is 52+ 10 eV (which corresponds to the measured
difference of about 20 eV between the experimental curves A
and “total,” in correspondence also with Fig. 3). The value of
the internuclear distance assumed in this case was ry
=1.3 A [42].

A more complete analysis for different r(, values is shown
in Fig. 13, which compares the deconvolution of the energy-
loss spectra of the emerging fragments (for the same case of
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FIG. 13. Energy-loss spectra of the emerging fragments from
the incidence of 5 keV/u H," ions for different internuclear dis-
tances ry. Curves A and B represent the deduced spectra corre-
sponding to the fraction of uncorrelated and correlated protons,
respectively.
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incidence of 5 keV/u H2+ ions) for ry=1.2, 1.3, and 1.4 A.
The vicinage effect (energy shift) in these cases varies from
57x10to 49£10 eV.

VI. SUMMARY AND CONCLUSIONS

We have studied the dependence of the energy loss on the
exit angle for protons, dissociation fragments of H,", and
helium ions channeled along the (100) direction in
120—134 A gold crystals, at the low-velocity limit. We also
investigated the energy spectra of transmitted protons pro-
duced by the dissociation of incident hydrogen molecules,
which show a molecular effect for all the observed angles.

The energy loss was modeled using two alternative ap-
proaches, (i) the Oen-Robinson model, Eq. (3), and (ii) a
Gaussian model, Eq. (4), containing only one fitting param-
eter. The comparisons provide additional information on the
impact-parameter dependence of the energy loss for chan-
neled ions in the present range of low energies. The compu-
tational simulations are in agrement with the experimental
results when the energy transfer per atom to the target elec-
trons includes a contribution of about 70% (or more) from
the term that is independent of the impact parameter. The
information obtained from the experimental and simulation
results was compared with theoretical predictions of the
stopping power versus the radial distance and the energy
transfer per atom versus the impact parameter, based on local
density calculations and low-energy stopping power models.
By modeling the energy transfer per atom with a Gaussian
dependence on the impact parameter, the calculated energy
losses are in good agrement with the experimental results
and show a more adequate impact-parameter dependence
than in the original Oen-Robinson model. The stopping
forces at the center of the channel for both protons and he-
lium ions, calculated from the theoretical models, are
~5-10% lower than the experimental values of energy
losses measured at zero detection angle. We consider this as
a fairly good agreement, taking into account the complexity
of the phenomenon and the assumptions built into the theo-
retical free electron gas modeling.

The observed molecular effect may be explained in terms
of the vicinage effect in the energy loss of those pairs of
protons that enter into the same channel of the crystal, so that
their interactions with the electrons are modified by interfer-
ence effects. These results may be of interest for future simu-
lations of the energy loss of correlated protons in channeling.

In summary, and with a wider view, the present study
shows a direction of interest for further studies on channeling
energy losses in various crystalline materials by combining
basic stopping power models with standard or novel simula-
tion codes.
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APPENDIX

Here we analyze the fraction of proton pairs, obtained
from an incident H2+ molecule, that may enter into the same
channel after hitting the crystal surface. These pairs of pro-
tons can be affected by the vicinage effect in the energy loss,
while the complementary fraction, corresponding to pairs of
protons that enter into adjacent channels, are assumed to
channel in an uncorrelated way, i.e., with negligible vicinage
effect.

Let us first consider two protons from an incident H,"
molecule, hitting the crystal surface with internuclear dis-
tance ry and with its internuclear axis oriented with an angle
6 with respect to the normal to the surface, having a projec-
tion r | =r( sin @ on the crystal plane. In Fig. 14 we show a
transverse view of a single channel, defined by a square with
sides of length a,/2, and so with total area A:a(z)/ 4, a, being
the lattice constant. We separate this area in the following
way: (i) the central region with area A,;=(ay/2-r,)?, (ii) a
set of four rectangles with total area A,=4(r | /2)(ay/2-r ),
and (iii) the four small wedges with combined area A;=(1
—7/4)r.

Then we take as a reference the point of incidence P;
=(x,y) of the geometrical center of the incident molecule on
the crystal plane, and assume random orientation of the in-
ternuclear axis. It is evident that if the point P; falls in the
central region A; both protons will enter the same channel
and will experience some type of correlated motion inside it.
Next we consider the case where the point P; falls in the
region A, (as in Fig. 15). Then, it may be shown by simple
geometrical considerations that the fraction of those pairs
that will enter into the selected channel is given by

f(y)= Za = 2 arcsin(z—y), (A1)
T T r,

where y is the coordinate indicated in the figure, and « is
defined by the case where one of the protons hits the border

.- -
A2 :

1
'
: A3| / A3

/) /
A2 A1 A2
/ 7z
v

ao0/2 A

FIG. 14. Different zones where the H," molecule can impact the
crystal surface. If the molecule impacts in the area A then the two
proton fragments will enter in the same channel. In the regions A,
and A5 the probability for the process is given by the factors f,, and
gm calculated in the text. The lattice parameter of gold is denoted by
ay and r, =ry sin 6, where r is the internuclear distance of H,".
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/2
st
/2
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FIG. 15. Illustration of the case when the molecule hits the
crystal surface in region A, and its geometrical center is at ordinate
y.

of the channel. Hence, the mean value f,, (probability factor)
for this kind of event is given by

2 r /2 2

Jn="

2
— arcsin(—y)dy, (A2)
r, 0 ar r

which yields a numerical value f,,=0.363 (independent of
r,). Going one step further, when the point of incidence P;
=(x,y) falls in one of the regions denoted A5 (Fig. 16) the
probability factor becomes

glry)=1- 3(,3+ V=1~ g['clrccos(z_y) + arCcos<2_x)}
& 77 ry ry
(A3)

and its average is
frl/Z JrL/Z
(rL/Z) _—
Em= r2 (T2
f J dy dx
(rJ_/2 -

which yields g,,=0.210 (independent of r ).
Summing up, we assign probability factors 1, f,,, and g,
to the corresponding areas A;, A,, and A3z, and we calculate
the probability that a pair of protons with internuclear pro-

jection r, will lead to two correlated protons entering the
same channel as

g(x,y)dy dx

mn
P

/2 ’;N

A3

> <>

2y

A

/2

FIG. 16. Ilustration of the case when the molecule hits the
crystal surface in region A5 with its center located at (x,y).
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Ay(r) + fAo(r ) + g,A5(r )
(610/2)2 '

P(r)= (A5)

Finally, we must take into account the probability of obtain-
ing incident molecules with angular orientation € (and so
with r, =rjsin ) from a beam with random orientations,
namely,

241 sin HdG_

1
- A6
dar 2 (46)
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and then we finally obtain the combined probability for cor-
related channeling of protons corresponding to random inci-
dent molecules as

1 a
Py, = Ef P(ry sin H)sin 6d 6. (A7)

0

In the present case of the (100) channel of Au, where a
=4.078 A, and assuming ry=1.3 A, we obtain the numerical
result P,=0.449.
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