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Isotopic effects in the angular dependence of the energy loss and angular distribution of protons
and deuterons in Al foils at low energies
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Energy loss and straggling has been measured for hydrogen and deuterium ions in thin solid aluminum foils
in the low-energy range< 10 keV and in the forward direction, both as a function of the energy, and at fixed
energies as a function of the observation angle. Whereas no isotopic effect in the energy loss at the forward
direction was observed, significant differences appeared when observing at nonzero angles. Monte Carlo
simulations and model calculations of the energy loss as a function of the observation angle using a frictional-
type energy loss, taking into account the path-length enlargement, the elastic energy loss, and the foil rough-
ness, led to an understanding of the main physical features at these energies. The observed isotopic effect at
nonzero angles can be fully accounted for by differences in the foil roughness influence and in the elastic
energy loss.

PACS numbgs): 34.50.Bw, 34.20.Cf, 02.70.Lq

[. INTRODUCTION introduced, with the property of allowing foil-roughness-
independent energy-loss measurements.
When a swift ion beam traverses a thin foil, it is angularly
dispersed and loses energy. In experiments with light ions of Il. EXPERIMENTAL PROCEDURE
energiesE/M >100 keV/amu, traversing thin targets, an in-

crease of some percent can be observed when measuring theTﬁedex.pﬁrimenths. V\;erle pezrformed l;‘Si”bg the transmission
energy lossAE as a function of the observation ange method with very thin foils {-20 nm). The beams were gen-

[1-16). Some factors determining this increase are the path‘?rateOI by a hot discharge low-energy accelerator with a mass

length enlargement and the growth of the elastic energy IOSsselector, yielding very stable intensities, modifiable in the

) : : range of 102 and 10°° A/mm?, covering the energy range
with 9, Wh'(?h are not |mp(_)rtant at small angles. An(?therbetween 1 and 10 keV. The spectrometric system consisted
factor contributing to the increase &E(0) is the foil

h 3 I th ¢ q lai of a rotatable 127 ° cylindrical electrostatic energy analyzer.
roughnes$13,17. However, all these factors do not explain 1o energy and angular resolutions of the analyzer were 2%

the observed increase of the energy loss at _small angles. Thig, 4 +0.58°, respectively. A combination of a sorption
has led some authofd8-23 to incorporate into the study ymp for the preliminary vacuum and a diffusion pump with
the dependence of the electronic energy loss in single atomig, yHy-suitable liquid-nitrogen trap maintained an oil-free
collisions with the scattering angle, usually represented as high vacuum.
Qinel(®)- Self-supported targets were made by evaporation under
In a recent pap€i26] it was shown that at energies below clean vacuum conditions on a very smooth plastic substrate
10 keV the whole angular variation from 0° to 40° of the [27], which was subsequently dissolved. The foil thicknesses
energy loss of protons in Al and Au can be explained conwere determined by matching the proton energy-loss mea-
sidering only the above-mentioned first three factors, so thasurements at 9 keV to previous stopping cross-se@ide-
in this case the angular dependence of the single scatteririgrminations[28], which were based on comparisons with
electronic energy loss ter®;,./(¢) is too small to be ob- absolute empirical values at higher enerd23). The rough-
served. In order to confirm this result, measurements witmess has been determined through a sirpkgtu procedure
two isotopes of hydrogen were performed. To evaluate thdased on measurements of the energy stragdbngf pro-
influence of the different energy-loss mechanisms and protons transmitted through the foil as described in Appendix A,
vide energy loss data for deuterons at these low energies, Bnd the values agree with an atomic force microscopy analy-
this paper we present energy-loss and straggling measursis made on test foils. More details about the equipment can
ments in the forward direction as a function of ion velocity, be found in Ref[26].
as well as energy distributions for'Hand D" in Al at 4.5 The energy spectra for the different observation angles
and 9 keV, respectively, as a function of the observatiorhave been measured maintaining a constant incident number
angle. From these data the angular distributions are also ex{ projectiles for each value of the angle. These measure-
tracted. Additionally, to study the incidence of foil roughnessments allowed a determination of the angular distributions
on these measurementS8E(6#) determinations using foils by integration of the individual energy spectra.
with different roughnesses have been performed. The energies of the distributions have been determined by
In order to study the incidence of the different factors onfitting them with Gaussians and taking their central values.
the energy loss, we have performed a Monte Carlo simulaGiven the nearly Gaussian shape of the measured distribu-
tion and further model calculations based on multiple-tions, the resulting values are very cldgéthin ~10 eV) to
scattering(MS) theory. A special observation anglg is  the most probable value. The differences between these val-
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ues and the mean values are also smallQ—25 eV depend-

ing on the spectra, over a total energy loss of about 1400
eV). This is one of the sources of experimental uncertainties.
The energy losseAE(6) are obtained by the difference be-
tween the energies of the corresponding distributions deter-
mined in the preceding way, and the incident beam energy.
The figures of a previous papg26] show the good statistics

of the spectra. Using the same experimental setup, new com-
parative measurements for protons and deuterons have been
performed in order to observe the isotopic differences.

- + E

— Al (20.5 nm)

+

AE / ax (eV A)
nN w E-N [4,] (3] ~ Qo [{a]
(o]

s T

IIl. MODEL CALCULATIONS %0 01 02 03 02 05 05 07

<Vv>(a.u)

Monte Carlo and model calculations are performed with

the aim of gaining a better understanding of the processes, i, 1. Energy loss of protons and deuterons after traversing a
using the possibility of variation of the physical premises 0f g 5.nm-thick Al foil in the forward direction as a function of the
the calculus. The different aspects of these calculations argerage projectile velocityv)=1/2((vin)+(vou). One can ob-
described in the following. serve the proportionality of the energy loss with the velocity at low
energiesAE/Ax=k(v), with the same constant for both isotopes.

A. Interaction potential The foil roughnesses has also been included in these cal-

The interaction potential used in the Monte CafldC) culations. In Appendix C we describe details of the simula-
calculations described below was determined by fitting thdlons.
measured angular distribution with the theoretical multiple- As described in Ref[26], at the present low energies
scattering functions for different potentials, including there is no evidence of the influence of an impact parameter
Thomas-Fermi and Lenz-Jensen expressions. Using tHéependence of the single collision energy losses, i.e., the
Sigmund-Winterbon formalisif80], we calculated the angu- Q(¢) term. This makes the electronic energy loss
lar distributions forr ~" power potentials varying the val- ~ AEeed 6), whered is the observation angle, directly propor-
ues. In the fitting procedure the large-angle tails of the distional to the traveled path length. As MC calculations yield
tributions were not considered because of the breakdown @fimilar path lengths for thgaseousandliquid models, they
the small-angle assumption required for the validity of theyield similar AE(#) functions.
analytical formalism. In Appendix B we describe the formal-
ism used in this procedure. IV. RESULTS AND DISCUSSION

As shown in Ref[26] for 9-keV protons, and as will be
shown below, the ~2 power potential leads to an adequate
fit of the angular distributions. We point out that this simple

Figure 1 shows the projectile-velocity dependence of the
forward direction energy loss of Hand D' in the very low
2-9-keV energy range, in a 20.5-nm-thick Al target. As can

potential generates an angular distribution that for our par . . e
ticular colliding system and the present energy range leads © ob_served, both |sc')to'pes ylelq thg same values within the
experimental uncertainties, confirming the smallness of the

a better fit than those calculated with the classical Lenz- . .
Jensen or Thomas-Fermi potentials. However this is not guclear energy loss even at these low energies when consid-

claim for the general validity of this interaction potential for ering particles emerging at zero angle. As expected, the deu-

other impact-parameter ranges. The present formalism Wégrium lons show the same velocity proportionality as previ-
also used to calculate the derivatives of the multiple scatterc-)us'y measured proton valugs2], and, as predicted by

ing function with respect to the foil thickness, necessary fOIIheory. F|gure 2 ShOWS the energy straggllng values .Wh'Ch
an evaluation of the foil roughness effect, as will be de-2lso are coincident within the experimental uncertainties.
scribed below ' The depicted values are corrected for the spectrometer reso-

lution considering Gaussian shapes. Since the measured
straggling values are affected by the foil roughn®s, the
observed linear dependence, with the projectile velocity in
Monte Carlo simulations of the energy loss as a functiorthe presence of foil roughness, is a consequence of the linear
of the observation angle have been performed in the frame afependence of both the energy loss and the straggling at
the binary collision approximation. Two schemes for thethese low velocities.
simulation of the solid were considered: the so-calied- Figure 3 displays the angular distributions of 9-keV pro-
eousandliquid models[31]. The first model considers inde- tons and deuterons together with normalized multiple-
pendent single processes, and assumes that at any time heattering functions calculated with Lenz-Jensenrarfdpo-
projectiles have the same probability per time unit to be scattentials. Experimental points corresponding to different
tered, which leads to a Poisson distribution of distances beangles were obtained by integrating the energy spectrum
tween two subsequent collisions. The second model considaken at the corresponding angle. The theoretical values were
ers a constant traveled distance between collisions. calculated using the formalism of Ref30]. As already

B. Monte Carlo simulations
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FIG. 2. Experimental energy straggling of protons and deuterons

after traversing a 20.5-nm-thick Al foil in the forward direction, as 4D of th incident velocity. togeth ith Monte Carl
a function of the projectile velocity. The dashed line is to guide the?" orthe same Incident velocily, together wi onte tarlo
calculations. The difference a&=0 is due to differences in the

eye. The experimental values are the result of the intrinsic strag- locity inside the fo text
gling Q¢ and the foil roughness effesee the text mean veloctly inside the folsee te

FIG. 4. Energy loss as a function of observation angle fér H

even though their initial velocities are the same. In particular,
for the points a¥=0 shown in the figure, the initial and final
Shergies of the protons are 4500 and 3449 eV, leading to a
R mean velocity of 0.398 a.u., whereas for deuterons the initial
anlgl:.Iar distribution$26], was used for the present MC cal- and final energies are 9000 and 7924 eV, leading to a mean
culations. velocity of 0.411 a.u. Using the plot of the energy-loss data

The energy loss as a function of observation angle foﬁn terms of the mean velocities from Fig. 1, this leads to an

4.5-keV protons and 9-keV deuterons, i.e., the same incidery ) : ; :
velocity (0.426 a.u, after traversing a 22-nm Al foil, is rlenergy loss difference of 30 eV, which explains very well

shown in Fig. 4. The foil roughness of 12% was evaluate he experimentally observed difference. It should be stressed

th h s of th " i d subt hat this effect exists independently of the presence of an
rough measurements of the energy straggiing and su r"?lf;s'otope effect in the energy loss. Of course this effect persists

tion of a theoretical intrinsic energy spread, as described i t other observation angles, and its value increase slightly

ﬁ‘ﬁgsnﬁ Dt(hié.e-\l/-gﬁj a?%r:eusrionug?hr;ezsat;/a(ljlfjesm\é\(/)enrse a%kgaégeavith 0 due to the increase of the path length, and hence of
9 9 P Yhe energy loss. At the largest angle covered in this experi-

teron measurements. S . . .
At a first glance there is a small difference in the energyment’ 40%, the energy-loss difference resulting using the

. simple 1/21+sec(®)] path-length enlargement proposed in
loss of the two isotopes at Qhote that an expanded energy a previous papefi26] is =35 eV. The additional difference
scale is used However, it is not an isotopic effect. Its origin

. . . ; of 5 eV with respect to the zero-angle value is very small
is the difference of the mean velocity of the two |sotopes,Comloareol t0 the\Ep+ (40°)— AE, (40°)=290 eV varia-

noted, the simple 2 potential yields a better fit than the
Lenz-Jensen potential, although the differences are not larg
This potential, which also yields a good fit to the proton

tion.
ok o ] As can be observed in the same figure, MC calculations
* D (9keV)- A1 nm) | lead to a very good fit of the experimental values, so we are
08k o (9keV) — Al (20nm) | confident that the underlying model is a good approximation
§ ‘ )~ r? ] of the real process. As mentioned in a previous p4peé,
L ) Lenz Jensen 1 the calculations indicate that three main factors are respon-
g ‘ sible for the angular variation of the energy loss, namely, the
‘g oal | increase of path length and of the nuclear energy loss with
= the observation angle, and the effect of foil roughness. An
%J analytic treatment of the last factor can be found in RET].
u= 021 i i It is shown that this effect depends on the variation of the
S ] angular distributions function with the target thickness.
00F . . . . . T The most important difference between the two isotopes

0 5 10 15 20 arise at larger angles. It is a clear consequence of the larger
elastic energy loss for the heavier isotope.
In Fig. 5 we show the experimental energy loss of deuter-
FIG. 3. Angular distribution of 9-keV deuterons in Al foils, ONs as a function of observation angle in a rather rough foil,
together with the calculated distributions for the Lenz-Jensen anogether with our MC simulations. The value of the rough-
r 2 potentials(dashed and full lines, respectivlifThe proton data ness coefficienp is 19%, determined by the energy strag-
are taken from Ref.26]. gling method(Appendix A). This coefficient is defined as

angle (deg)
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FIG. 5. AE(#) measurements and Monte Carlo calculations ) .
(step ling for 9-keV deuterons in a rather rough Al foil. The steeper ~ FIG. 6. Plot of the samaE(6) data of Fig. 5, together with the
increase in the rangé=<10° is essentially due to foil roughness analytic model calculationgsee the tejt A good agreement up to

(see text large angles with the=19% curve can be appreciated.
p=oy/(x), whereo, is the previously mentioned standard AE 4m;m,E 9
deviation of the foil thickness, an¢k) its mean thickness. AB(O)=—-[1+secd) ]+ ——— sir? >

The good fit of the MC calculations for this rough foil again (my +my)

indicates that the roughness effect is correctly taken into ac- +p2u( 0)AE, 3)

count in this simulation code. As can be observed in Fig. 5,

the agreement extends up to large anglés 40°). A re- o ) N )

markable feature is the difference in the magnitude of thevhich includes, in addition to the foil roughness effect, the

angular effect between foils of different roughnesses. EvaluPath-length enlargement in a very simplified wiyst term,

ating AE(6) —AE(0) at 6=20°, the foil of Fig. 4 p and approximates the nuclear energy loss in the laboratory

=12%) yields=150 eV, whereas the thinner foil with the frame by the corresponding one of the c.m. reference system

p=19% foil of Fig. 5 leads to=213 eV. (second term in addition to neglecting the dependence of
To evaluate the roughness effect on the angular depedl€ inelastic energy loss with the impact paraméter, no

dence of the energy loss analytically, we use the expressidR(®) term[26]]. This simplified model was shown to give a

resulting from the formalism given in RefL7]: very good representation of the experimental results in this
low-energy range.

From the previous equations one can see that the rough-
2‘””':(0’)() =) 2 ness term depends st I th I f th h
——— | =AEQ1+p21(0)), e pends strongly on the value of the roughness
Inx coefficient. The figure show calculations corresponding to
) differentp values. As expected, all the curves cross atéhe
angles, which take the values &f8° for the 21-nm foil. For
where the term on the left-hand side is the variation of thehe case of the present foil one can observe the predominance
energy loss with the observation angle due to the foil roughof the roughnesses term in the regiés 6, (by comparison
ness,AE is the angular average of the energy loss, andvith the p=0 curve, whereas the path-length enlargement
F(6,x) is the multiple-scattering function. As shown in the and the increase of the nuclear energy loss dominate at larger
previously cited reference, the terin F(6,X)/dIn x assumes angles[26].
negative values for small and positive values for larger ~ The curves of the figure suggest a further way to deter-
angles; therefore, there exists an angléor which the loga-  Mine foil roughnesses by measuriage(¢) in the region 0
rithmic derivative is zero. This target-thickness-dependents <6, and searching the values in order to adjust the
angle 6,(x) is then defined through the relation measurements. This method can be applied when the deriva-
tive v () of the multiple-scattering function is known, and
when there is a negligible influence of the angular depen-
0, 2) dence of the inelastic single collision energy 16%se With
dlnx the scattering angle, as observed at these low endi2figs
In order to check the assumptions made here, we present
and has the important property that energy losses measuretiergy-loss measurements as a function of the observation
at this angle are free of foil roughness effects. angle in foils of different roughnesse=8% and p,
In Fig. 6 we show the same energy-loss measurements of 13%) and similar thicknesses(X);=21 nm and(x),
Fig. 5 together with the results of the simplified model dis-=22 nm), respectively. In Fig. 7 one can see the results that
cussed in Ref[26], synthesized by the expression refer to theAE(0) values. From the figure it can be verified

AE( G)roughEE 1+p

alnF (o, ,x)_
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T T the largest factor is the difference of roughness effects be-
100} ® H (9keV) > Al(22nm) p =8% - tween both isotopes due to differences in their multiple-
o H' (9keV) > Al (21 nm) p =13% o | scattering functions. This latter contribution reduces to zero
__8of . at larger angles due to the same constant asymptotic value of
> the roughness effect at large angles. As the path-length en-
6‘: 60 - . largements are the same for both isotopeshin the frame
g of the simple mode[26]), there is a negligibly small effect
T 40f T (~5 eV) due to the isotopic differences in the mean veloci-
T 1 ties and path-length enlargments.
w 20 .
<
O L -
. . . . . . V. CONCLUDING REMARKS

Energy-loss measurements with lnd D" in Al at very
angle (deg) low energies and zero angle have been made, as well as
determinations of energy and angular distributions as a func-
tion of the exit angle between 0° and 40°. Related model
calculations and Monte Carlo simulations have been per-
formed in order to obtain a better insight of the processes.
From the preceding, we conclude the following.

(1) As previously found for proton$26], the observed
angular dependence of the energy loss of deuterons at the
)2 present low energies can be fully explained in terms of path-

FIG. 7. AE(#) data for protons in two different Al foils refer-
ring to AE(0), together with the model calculations for rough foils
(solid lineg and ideal smooth foi(dotted ling.

that for small angles the experimental valueg,,,; satisfy
the relation

(4) length enlargement, increasing elastic energy loss and foil
roughness effects.
_ _ ) (2) Energy loss and straggling measurements of equal ve-
which provides an experimental support of the above deiqcity protons and deuterons in the forward direction yield
scribed incidence of the foil roughness on these measurgne same values within experimental uncertainties, thus
ments. _ _ . showing the absence of an isotopic effect and the smallness
Figure 8 shows the net isotopic effect as a function of theyf the elastic energy loss mechanism when observing in the
observation angle, and the incidence of the different contribsgnward direction.
uting mechan_isms. The exper_imental values are those o_f Fig. (3) With increasing observation angles, an increasing iso-
4. Here we display the magnitude of the energy-loss differygpjc effect is observed. The main contribution to this feature
ence that refers to thé=0 values,6(AE(6))— 6(AE(0))  at small angles is the foil roughness effect, whereas at larger
=(AE(0)p+—AE(0)w+)—(AE(0)p+—AE(0)4+). Asmay  angles it is due to increasing elastic-energy-loss differences,
be observed, the main effect at large angles is due to thgs follows from the model calculations of RED6].
difference in the elastic energy loss, whereas at small angles (4) The multiple-scattering calculations with a fitted?
power potential using the formalism given in RE30] lead

AEexpl( 0,p2) — AEexpl( 0,p=0) _ ( P2
AEeXpl( Hlpl)_AEexp[( HyPZO) P1

oottt in the present energy range to a better fit of measured angular
aoo| o pebermental diference ] distributions than those corresponding to Thomas-Fermi and
R Roughness effect difference Lenz-Jensen potentials. This holds for protons as well as for
> [ Elastic energy loss difference deuterons.
— 200 | Total model difference |
=
S
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FIG. 8. Net isotopic effect on the energy loss between protons
and deuterons with the same incident velocity, as a function APPENDIX A: FOIL ROUGHNESS
of the observation angle,5(AE(6))— S(AE(0))=(AE(8)p+
—AE(6)y+)— (AE(0)p+ —AE(0)y+). The experimental points are The foil roughness can be estimated by means of the mea-
calculated from those of Fig. 4. The different terms of the modelsured energy straggling, the energy losaE, and the theo-
calculation[Eq. (3)] are plotted separately. retic value (), for the energy straggling corresponding to
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uniform foils (intrinsic energy straggling For a Gaussian which by integration of Eq.(B1) yields the multiple-
foil thickness distribution, the experimental energy strag-scattering function.
gling can be expressed f34]

2_02 2 2
07=Qq+pAE7, (A1) APPENDIX C: MONTE CARLO
where the roughness coefficigmtis defined as Following is a description of the main ingredients of the
Monte Carlo simulation procedure.
g
p= @ (A2)

. - . 1. Polar scattering angle
where(x) is the average foil thickness amg is the standard g.ang

foil thickness deviation. Then from E¢A1) Following reference$36,37], we sort the c.m. scattering
angle by means of a random numbey, using scattering
5 cross sections in terms of reduced units. In order to do so we
P=AE =04 (A3)  recall that the reduced differential scattering cross section
dJ/dy is related to the scattering functidife) through the
For the values of), we chose a theoretical value appro- relation[35]
priate for low energies, obtained from density-functional cal- 5
culations[33], which gives good agreement with experimen- dJ f(e)

tal values of the first momentumean energy @Z =R (Cy

with p=esin(@/2), wheree =am,E/Z;Z,(m;+m,) is the
APPENDIX B: MULTIPLE-SCATTERING FUNCTION reduced energy.

In order to calculate the angular distributions for different ~ Ntégrating the right term of Eq(C1), one obtains the
potentials, we followed the formalism developed in Ref.reduced scattering cross secumzp) which satisfies the con-
[30]. The scaled angular distribution of a particle beam aftedition
traversing a thin layer of material is given by _

e flo*) ~ ~
Jior= f ——-de*=J(e)=I(mn),  (C2

Pmin ¢

fi(ra)= f:zdzq,(az)exq—m(z)] (B1)

where J,o,=(ro/a)?, with ro=3N"'3 a is the screening
in terms of the foil thickness and observation angles mearadius, anc is the reduced enerdy6,37.

sured in reduced units, namely, The normalized random quantity is
~ Ea 0)— .
= ma’NXx, a=_—_———a, (B2) [J(e)=I(®min)] (3
27,7,e S

wherex is the penetrated depthy, is the observation angle, which can be generated by a random numkbgbetween 0

a=0.885%,/(27%+ 2332 s the screening radiu®\ is the ~ and 1. Therefore, for a power potent¥d(r)~r~", which
atomic densityE is the ion energyZ, andZ, is the atomic  |eads to a scattering functidi{e) =\, 2", it is possible
numbers of the ion and target rgspectively, a&nd the el- 15 sort out the reduced angle through the equation
ementary charge. In EqB1) J, is the zero-order Bessel
function of the first kindz is an integration variable, and

2 -n/2
o=|—Jkate Z/n} ' (C4

N\,

f(p)
A(Z)_f do = 2 11~ Jo(ze)], (B3) where the constar,, is taken from Ref[35].

For n=2 this expression takes the form

wheref (@) is a the scattering function describing the differ-

-1
ential cross section of the single scattering events, and thus is ~ { 1 J2 k,+e L

= (CH

a functional of the potential. 0.3267t°t
For a power potential/(r)o«r ", the scattering function
is given by f(p)=\e 2" [35]. For this potential one ob-
tains 2. Azimuthal angle
AT (= 1/n) Due_ to the azimuthal symmetry of the scattering process,
A(z)=c?", c=— —— (B4) the azimuthal angles can be simply sorted through a ran-
22010 (1+ 1/n) dom numbeik, between 0 and 1, with
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Y=2mky, . (CH) 4. Energy loss
To evaluate the energy loss corresponding to each colli-
3. Distance between collisions sion, we calculate the electronic or inelastic component, con-
sidering it proportional to the traveled pathbetween colli-

We use two frequently employed models for the distance

between two subsequent collisions in solids: the so-calle 'ons
gaseousandliquid models[31]. AEgiec=\Ss(E), (C9
a. Gaseous model whereS,(E) is the instantaneous stopping power.

The basis of this model is the assumption that at any time T he nuclear or elastic component for each collision can be
there is the same collision probability, irrespective of thewritten in terms of the c.m. single scattering angles
previous history. This leads to the following relation between
the distancen between collisions and a random number AmmyE

satisfying 0<k.<1: AEnuclz(m1+ )2 Sir’(¢/2). (C9

1
A= W“" Ke, (C7 5. Foil roughness
tot

. ] ] The MC calculations take into account the foil roughness,
whereN is the atomic density. considering projected path-length distributions with the same
standard thickness deviatian, than those of the real foils.

In our case, Gaussian distributions are considered. However,
In this model a constant distance between collisions, we have verified that the results are insensitive to the shape
=X\g, With \g=0.5N"*3, is simply assumed. of the distributions whenever equivalenf values are taken.

b. Liquid model
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