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Vicinage forces between molecular and atomic fragments dissociated from small hydrogen clusters
and their effects on energy distributions
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In this paper we analyze the dynamic evolution of molecular and atomic fragments of small hydrogen
clusters interacting with thin solid foils. We compare the vicinage forces, calculated within the dielectric
formalism, for H", H°, and I—{’ fragments. Using a molecular dynamics numerical code we determine the
energy distribution of the fragments after interacting with the target. This distribution is compared to experi-
mental results for protons coming from the fragmentatione2.02 a.u. H* ions impinging on an aluminum
foil; a fraction of neutral M is needed to be included in the simulation to get a good agreement with the
experimental results. The,M energy spectra foy=5.42 a.u. H* interacting with amorphous carbon is also
determined. The asymmetry in the Coulomb peaks appearing in the energy spectra both experimentally and in
our calculation is opposite for J than in H'; kinematic effects and differences in the electronic stopping are
enough to reproduce the difference in the alignment gf nd H" fragments.
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[. INTRODUCTION together with generalized oscillator strengths for inner-shell
electron excitations. The parameters entering the Mermin
The interaction of molecular beams with solidsvat v, function are derived from a fitting to the experimental
(Bohr velocity introduces new insights into the study of energy-loss functiofELF) in the optical limit[9-12].
projectiles with matter. Molecular projectiles lose their ~There are many theoretical and experimental works on
bound electrons and dissociate just after entering the targ¥fcinage forces that demonstrate that these forces affect the
[1]. The result is a cluster of ions where each of them inter€nergy loss and charge of fragments dissociated from mo-
acts with the target material and at the same time with théécular ions and also tend to align these fragments in the
other ions of the clustefil]. From the analysis of the frag- °€@m directiori14-18 (see Ref[14] for a complete list of
ment evolution one can get detailed information on the dy-OIder_ works)_. An experimental ewdt_ence .Of the alignment ef-
namical properties of the targéhduced field, collision rate, fect Is provided by.the asymmetric heights O.f the_external
etc). These properties greatly affect the energy distributior? eaks that appe«.ar in the energy spectra of dissociated frag-
. . . : ments[17,19-25; these peaks are usually known as Cou-
of the fragments after they interact with a thin foil, so the lomb peaks.
study O.f their energy _spectra give the opportunity to compare Interactions(i)—(iv) have been deeply studied by our re-
theoretical models W|t_h experimental results. o search group in the last yedi25—29 including a molecular
~ When a molecular ion moves through a solid without be-qynamics treatment of the vicinage forces between two
ing dissociated it is supposed to be subjected to the samgaighbor protons. The main aim of this work is to calculate
interactions than an atomic projectile, mairfly the elec-  tneoretically the vicinage forces between the different types
tronic stopping and straggling ar) the collisions with the  of fragments from small hydrogen clusters and to check this
target nuclei. Once the molecule becomes dissociated addialculation by evaluating, through a simulation code, the
tional forces have to be taken into account between the fragasymmetry in the heights of the Coulomb peaks appearing in
ments: (iii) Coulomb repulsion and(iv) induced force the fragments energy spectra.
through the electronic medium of the target, which is known In Sec. Il vicinage forces between two general charge
as vicinage force. densities will be analyzed using the dielectric formalism and
In the present work atomic and molecular vicinage forcesspecifically calculated between atomic hydrogen species and
are analyzed within the dielectric formalism. Ferflj was  H," molecular ions. In Sec. Ill our molecular dynamics code
the first to use this formalism to study the interaction of swiftwill be briefly described, and in Sec. IV the computed energy
charged particles with target electrons. Lindhg8Hobtained  distributions are compared with experimental spectra. Fi-
an analytical expression for the dielectric functie(k,w) of  nally, the conclusions are presented in Sec. V. Throughout
the stopping medium, which was improved later in a unifiedthis work we use atomic units, in other case it will be speci-
theory of the stopping of charged projectilegd. Many di-  fied.
electric function models have been established since then;
the ones developed to describe dielectric response of semi- Il. VICINAGE FORCES
conductors[5-7], or the ones developed from the Drude
model [8]. Here we use a dielectric function developed by In this section we analyze the vicinage force that a mov-
our group that has been optimized for several materialing particleP; with charge densitye(r,t) produces on a
[9-12]. It is based on a linear combination of dielectric func- second particld®, with charge density,(r,t), when both
tions proposed by MermifiL3] for outer electron excitations, are embedded in a uniform electron gas characterized by its
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FIG. 1. Parallelz’ and perpendicularr coordinates from the
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wherez’ and o are the coordinates d®, parallel and per-
pendicular toP; motion in the reference frame centered on
P, (Fig. 1), and Jy(x) is the zeroth-order Bessel function.
We see from Eq(5) that the potential energy will only de-
pend onz’ and o for a given target material.

The F(z',o) vicinage force can be derived from the po-
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center of the charge density 1 to the center of the charge density Zantial energy through
Vectorsv,;t andR are the positions of the particles 1 and 2, respec-

tively, in the laboratory frame.

dielectric functione(k,w). Following the dielectric formal-
ism, the induced potentiab;,4(r,t) produced byP; is [11]
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wherepe,(K,w) is the Fourier transform Qgbg,q(r,1).
If P, is supposed to move at a constant velogitglong
the z axis (Fig. 1), we have then

Pexta(r 1) = pexua(r — Vi), (2
which, in the Fourier space, becomes
pecalk,o) = [ ar [ dte0re0p vy
:2775(w_k'v)pext1(k)- ©)

The potential energy oP,, centered aR, induced by
ding(r,t) is finally
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From Eqgs.(5) and(6) the parallel and perpendicular compo-
nents of this force are written as
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whereJ;(x) is the first-order Bessel function.

The vicinage force in Eqg.7) and (8) only include the
induced force, not the Coulomb repulsive force. Equations
(7) and (8) give the induced forc&;_,,(z',o) thatP; pro-
duces orP,. HoweverF,_,,(z',0)# —F,_,1(z',0) because
to calculateF,_,; we have to use the velocity é&f, and the
z' and o coordinates in thé®, motion reference framén
the following P will represent the particle that generates the
induced field. Vicinage force also depends on the stopping
medium through its dielectric functioa(k, ).

Puttingz’ = 0=0 andpey1= pexi2, F+=0, andF,, yields
the self-retarding particle fordeg. The variation of the pro-
jectile kinetic energy iSlIE=F, v dt so the electronic stop-
ping S, defined as the energy loss per unit path length be-
comes

For charge densities with spherical symmetry and using

the propertye(k, w) = €* (k,— w) [30], this expression turns
into

1 dE
Se== ——=—Fq, (2 =0,0=0).

€ o dt ©)
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tion of P,, while the perpendicular compondnj. will cause
a change of direction.
The case of the force that a'ttreates on a Hand vice

vvvvvvvvvv

jriiii versa can be found in the same way as tHehH" vicinage
i /25522 = force but taking into account that one of the charge densities
ZEoris is a H" and the other one is a%In this work it will be
\§§§§§ | supposed that the hydrogen atom is in its ground state, be-
//\\§§33 cause the population of excited states is very small in our
;/’M\,gﬁ‘. velocity range[35], and this ground state is unperturbed.
RN Thus the charge density of the hydrogen atom in the Fourier
REEEEE space is given by
piig T SRS M ;o
MHHH R perd k) =1 pef(K), (1)
0 2 4

c(au) where the Fourier transform of the electronic density in the

FIG. 2. Vicinage force generated by a proton, located0zd) ground state is

moving through amorphous carbon in thedirection with a veloc-
ity of v=5 a.u., ontda) another proton, antb) an hydrogen atom pa(K)=[1+ (k/2)2]_2. (12
located at ¢’,0). (c) The same for the force generated by a hydro-

gen atom onto another hydrogen atom. Vector modulus represents Figures 2b) and 2c) show H"-H° and H-H°

. o vicinage
the same arbitrary units in the three cases. 9

forces for a velocity =5 a.u. in amorphous carbon, respec-
tively. To calculate the H-H® force, charge densities
pPexti(K) @and peyo(K) have been substituted by 1 and by Eq.
(11) into Egs. (7) and (8), respectively. To calculate the
2 k). (10 HO-HO force both charge densitigg;(k) andpegs(K) have
Pext(K). been substituted by E¢l1) into Egs.(7) and(8). Comparing
Figs. 4a) and 2Zb), we see a substantial difference in the
modulus of the forces and in the wavelength of the oscilla-
A. Vicinage forces between atomic hydrogen species tions of the force direction. Figurg® shows that the P+H°

In this section vicinage forces between different atomicforce is insignificant in relation to the HH* and H"-H°
hydrogen species in solid targets will be calculated. We conforces, except for-15<z'<0 a.u., and in ther direction
sider velocities greater than the Bohr velocity, thus ean ~ beyondo=4 a.u. The H-H® force has less intensity and
be neglected31-34 and only H" and H are taken into range than the H-H* one, which is due to the electronic
account. The effects of these vicinage forces in the energglensity of the hydrogen atom. And in its turn, thé-H°
spectra at zero angle of the different hydrogen species th@rce has smaller intensity and range than the-# one,
exit the solid foils will be simulated and compared to experi-due to the electronic density of the two hydrogen atoms.
ments later on.

To calculate these vicinage forces one has to substitute
into Egs.(7) and(8) the Fourier transform of the appropriate
charge densities corresponding to the fragments dissociated
from the molecular ion. There are three kinds of vicinage This section studies the electronic vicinage forces be-
forces between H and H fragments: namely, those corre- tween a H™ ion and an atomic hydrogen species. To calcu-
sponding to the couples™H™, H*-H°, and H-H°. late the vicinage forces in these cases, the Fourier transform

For the simplest case, the vicinage force thatapto-  of the H," ion charge densitype,(k), is needed. Supposing
duces on another H we havepg(K) =pexo(k)=1. The that the H* electronic density is mostly in the ground mo-
result of this force can be seen in FigaPwhen the velocity lecular leveloyls and considering Gaussian wave functions
is v=5 a.u. and the target is amorphous carbon, whos&o describe this level, we hay&6]

e(k,w) has been calculated in R¢fL1]. This vicinage force ) _

presents an oscillatory behavior behifg, with a wave- pextH2+(k)=[Zl—Née’k fBa]g=ik-Pi2

lengthA ~v/wp (Wherewy, is the plasmon frequency of the i _ , )
materia). This oscillation is damped because the plasmon +[Z,—Nge K /Ba)glk-P2_ N2g~kTBagg=aP /2
lifetime is not infinite, which is taken into account in Mermin

dielectric function 13] through a collision term. On the other (13
hand, vicinage force decays transversely almost exponen-
tially. Then it is clear that the neighboring partidRy will whereZ,=1 is the charge of each proton of,HnucleusP
experience a stopping or an accelerated force according to its the internuclear vectowhich modulus isP=2.05 a.u.),
coordinates?’, o) regarding the position and velocity Bf. a=0.43 a.u. is the electronic orbital parameter, &g is
The parallel componeri, will cause stopping or accelera- the normalization factor for the electronic molecular orbital:

Then we get the well-known self-retarding force formula

S 2 wdkfkvd | [ -1
= — — m —
© mv2Jo k Jo @ e(k,w)

B. Vicinage forces between a molecular K ion and an
atomic hydrogen species
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FIG. 3. Force generated by aH, located at(0,0) moving in

where F, is the vicinage force between charge densitiesamorphous carbon in thg direction with a velocityy =5 a.u., on

Pexa(K)=pr.+1(K) andpeys(k) =1, whereas, is the vici- @ proton Io_cate_d atz(,0). The H," internuclear vector is orientgd
2 in the z' direction. Vector modulus represents the same arbitrary

nage force between charge densit&gﬁl(k)=pH2+,,(k) and | e asin Fig. 2.

Pexi(K)=1.

When a " lon moves inside a target material its inter- gy, developed by Mter et al. [42] involving the clas-
nuclear vector orientation is random, and although considergjc,) theory of the angular dispersion and elastic energy loss
ing the modulus of the internuclear vector constdM€P ity 5 Thomas-Fermi Coulomb screened potential and the
=2.05 a.u.), their component, andP, , are not. Vicinage niversal screening distangé3). After the dissociation of
force will depend on the 5 internuclear vector orientation he molecule, the fragments suffer Coulomb repulsions and
so in our computer code we draw it randomly each time wene vicinage forces explained in Secs. Il A and 11 B. The
calculate this force. , o _ effect of coherent scattering was shown to represent a small

The vicinage forcé, +_+ is depicted in vectorial form  correction to other effects in this velocity ranfg] so it is

in Fig. 3 for the case when the internuclear vector of thé H left out of our calculations.

ion is parallel to its velocity. This force has a similar magni-  The initial geometry of each molecular ion has been taken
tude but an extended shape as compared to the vicinage for#o account because the forces between fragments depend
between two protons reported in Figa2 Also we can see Strongly on the modulus and on the orientation of the inter-

thatFy +_y+ has two characteristic minimum values at thenuclear vectors regarding to the motion direction of the
2 beam. For the case of,H, the initial internuclear distance is

proton positions of the K" molecular ion. d ¢ it | distribution th ticall |
To conclude this section, it is worth to remark that the rawn from an Intérnuciear distribution theoretically caicu-
Ig_ted using the Franck-Condon principk4]. The initial in-

same procedure can be used to calculate vicinage forces b . i
rnuclear distances forg4 molecular ions are drawn from

tween any complex molecules if their charge densities can piernuc ) S .
treated as a combination of spherical charge densities. experimental internuclear distributiof20,21]. Besides, the

initial geometry of the molecule is characterized by a orien-
L. SIMULATION CODE tation ob.tamed_ from a random draw of Euler angles. _
The simulation code uses a standard molecular dynamics

Our research group has developed a numerical code tmethod to follow the evolution of a system of particles, using
follow the trajectories of the fragments dissociated from mo-a numerical integration of Newton equations. It is also con-
lecular ions, which has been described elsewh25e28,31. sidered in a simple way the possibility that the fragments can

Here it is summed up in a few conspicuous points featuringapture or lose an electron inside the foil to account for the
this work. different vicinage forces. In order to implement these pro-

Inside the target the molecular ion moves first withoutcesses in the computer code, the charge of each particle has
dissociating, and secondly dissociated into its fragments. Theeen chosen randomly at each time step of the numerical
time traveling nondissociated is drawn from the lifetime of integration of Newton equations, according to the equilib-
the molecule[38—41. The electronic stopping and strag- rium charge fraction corresponding to its velociB4]. For
gling are calculated through the dielectric formalism, as itour velocity range, Fi and H have different electronic stop-
was done with the vicinage forces in the last secf@37. ping but the same differential scattering cross section for
Nuclear collisions are computed adapting a Monte Carlo alion-ion collision. On the other hand,H electronic stopping
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is smaller than twice the proton of@6] and the same dif- b————F———F—————— T
ferential scattering cross section as & n. Also vicinage
forces depend of the charge state of the two fragments as it
has been studied in Secs. Il A and Il B. Coulomb repulsion
are taken into account only between positive fragments in-
side and also outside the foil. Considering Coulomb repul-
sion outside thin foils is important because Coulomb explo-
sion inside the target is not complete, especially at highest
fragment velocities. The trajectories are calculated until the
projectile reaches the detector, and the experimental angular
acceptance is taken into account in order to consider the
effects of a finite resolution detector.

Intensity [arb. units]

) 97 98 99 100 101 102
Energy (keV)

IV. RESULTS

When a molecular ion is dissociated in two positive frag-
ments, the energy spectrum at zero exit angle of these two FIG. 4. Energy spectrum at zero exit angle of proton fragments
fragments is characterized by a lower- and a higher-energ?f H," molecules after traversing a 360 a.u. thick aluminum foil,
peak. These peaks correspond to the fragments that are f@gether with the experimental dafa5] (symbolg. The incident
tarded or accelerated, respectively, due to Coulomb repumolecule velpcny is 2.026 a.u. The four simulation histograms cor-
sion, so they are called Coulomb peaks. The asymmetritesPond to different values of the neutral charge fractign
heights of the Coulomb peaks are due to the asymmetry of
the vicinage force, which tend to align the neighbor frag-experimental distribution does not show the double-peak
ments in the velocity direction. As the vicinage force is morestructure obtained from the simulation in tde,=0 case,
intense behind the fragment that generates the force, the traiyhich means thatb, has a strong influence on the energy
ing fragment tends to be aligned behind the leading fragmenyjstribution of the H fragments.
motion direction and so the lower-energy Coulomb peak be- \when the neutral charge fraction is increased in simula-

comes more intense in the energy spefia19—25,2§ tions, the path fraction in which both fragments travel ds H

In what follows we will analyze H and H vicinage  giminishes and so the action of the Coulomb repulsion is
force efff(_:ts in the energy Eilstnbunon_o_f*Hons dissociated o ced, leading to a narrower energy distribution as it is
from H," ions, and §*, H", and H vicinage force effects ,pqarveq in Fig. 4. Also there is an increase of those particles
in the energy distribution of 41" ions dissociated from & a¢ did not experience repulsion at all, increasing the central
lons. region of the energy distributiof49,22,46,47. Finally one

can see that the peak height difference diminishes due to the

A. Vicinage force effects in the energy distribution of H" ions fact that vicinage force effects for neutrals are lower than for

In order to analyze the vicinage forces between atomi(protons..From these simulgtions it seems apparent thgta neu-
hydrogen species, simulated energy distributions of the pro@l fraction®,=20% provides the best agreement with the
ton fragments dissociated from,H molecules are compared data, in accordance Wlth.the neutral frgctlon found in experi-
with the corresponding experimental spectri#8]. Specifi- ments[34], and part of this agreement is due to the inclusion
cally, these energy distributions are calculated for inciden®f the vicinage forces of the hydrogen atoms in our calcula-
H,"* molecules withy = 2.026 a.u. and exiting in the forward tONs.
direction (i.e., at 0° angle with respect to the axis of inci-
dence after traversing a 360 a.u. thick aluminum foil, whose B. Vicinage force effects in energy distributions of H* ions
e(k,w) has been calculated in Ref40,11]. These velocities
are chosen because the fractibp of hydrogen atoms in the
dissociated fragments is high enough,=20% [34], to ob-
serve the vicinage force effects of this species.

We represent in Fig. 4 the experimental dat8] by sym-

bols while the set of histograms pertain to simulations with Figure 5 d'SBI"’_‘yS the expe_rlmental energy spect[48}
different values of the neutral charge fractidn, as indi- (SYMboI$ of Hp™ ions that exit a 172 a.u. thick amorphous

cated. All distributions are normalized to unit area. carbon foil in the forward direction. The i ions are cre-

It can be seen from the simulations that if the neutralated by fragmentation of a 1 ion beam incident with an
charge fraction is zerop,=0 (i.e., the two fragments are initial velocity v=5.42 a.u. The energy spectrum shows
protony, two peaks are obtained in the energy distributionsthree peaks: the two externgnd greatgrpeaks are the re-
which correspond to the protons that are retarded or accelepult of the Coulomb repulsion between dissociated positive
ated due to the Coulomb repulsion. Also a difference inpair fragments, 5" +H", while the smaller central peak is
height of these two peaks is observed due to the alignmerstue to the lack of this repulsion between the dissociated pair
effect of vicinage forces between the protons. However thdragments H* +H°.

To study the vicinage force effects in the case of H
ions, the experimental energy spectrum gf Hons resulting
from the dissociation of the i ions is discussed in what
follows.
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FIG. 5. Energy spectrum at zero exit angle of 'Hons trans- g 030 i | .
mitted through a 172 a.u. thick amorphous carbon foil, dissociated % o " 1
from H,™ ions incident with 5.42 a.u. velocity. Symbols represent 5 020 - ) B O
experimental resultf48] and the histogram is our calculation. g'f: i A T 2
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The most outstanding feature in these Coulomb peaks is s '|‘ ! i L
that the lower-energy peak is smaller than the higher-energy 0.00 L= N R ST, = =
peak, opposed to what is seen in the energy spectrum of the 28 Jges IS0 783 TR 96 @8 M0
atomic fragment, Fig. 4. This feature was pointed out by Cue Energy (keV)

et al. [48], as due to an asymmetric destruction process of . . . .
H." ions in the solid: these authors explained that §§ H FIG. 6. Sl_mulatlons of the dissociated fra_lgments energy spectra
.2 L : . . . for the experiment of Ref48]. The shadow histograms correspond
ion destruction is mainly due to the interactions V\.nth.target[ the complete simulatiofFig. 5); full line histograms were ob-
vale_nce elect(ons, thle. larger target electron d.ensny inducedineq using the same stopping per amu for all fragments; dashed
behind a leading positive charge supposes an increased profe histograms are the same as full line ones but without using
ab'“ty for tl’al|lng H2+ ion destrUCtIOI’], which results in a vicinage forces(a) H2+ energy Spectrum ar(db) HJr energy spec-
less intense lower-energy peak. trum.

To check the arguments by Cetal, we have compared
in Fig. 5 our simulation resultéull line) with their experi-  tion of H,", putting the stopping per amu of'Hons equal
mental datasymbolg, obtaining a good agreement with ex- to the value for H* but without considering K" -H™ vici-
periments, in particular concerning the asymmetry of thenage force. Now Fig. @) (dashed lingshows that the height
Coulomb peaks. This result has been obtained without introdifference between Coulomb peaks totally disappears, so
ducing any H* destruction increasing factor induced by the Vicinage force makes an add|t|0n.all contribution to the asym-
neighbor positive charge. Thus other effects have to be andbetry. The fact that the §-H* vicinage force effects are
lyzed. opposite to the H-H™ vicinage force effects is due to the

The asymmetry of the Coulomb peaks could be due to thélifference in mass of the two particles resulting in thg'H
fact that electronic stopping per am@.f,=S./m) of the +H+ dissociation. The vicinage force tends to align more
H," ion is smaller than the one of H SemH; IS+ efficiently the lighter particle behind the heavier one. This

, o i L feature can be seen in the energy spectrum of the dissociated

=0.77 for this specific velocitf36,37. So after the H protons, Fig. €). When we calculate the Henergy distri-
+H* dissociation, the K" velocity will become larger than  pytion putting H™ stopping per amu equal to the,Hvalue
the H" one and H2- ions will travel in front of its H  (full line), we see that vicinage forces produce a height dif-
partner resulting in a extra accumulation of Hions at the  ference in Coulomb peaks opposed to the height difference
higher energies. This effect can be estimated in our simulaseen in the 5" energy spectrum.
tion code by putting the electronic stopping per amu 6f H To sum up, the height asymmetry in Coulomb peaks of
ions equal to the K" value in the H"+H™" dissociation. the energy spectra of different fragments from dissociated
From the result depicted in Fig(# (full line), we see that Molecular ions is due to different electronic stopping per
the height asymmetry of the Coulomb peaks has decreasé@inu of the fragments and also due to the vicinage forces
compared to the former simulation, Figab (shadow histo- between them, because they produce different alignment de-
grams, but has not disappeared; so the electronic stoppin§€nding on the fragment relative masses.
influences the peak asymmetry but it is not the only respon-
sible.

Another cause could be due to thg'HH™ vicinage force Vicinage forces for the cases'H ", H*-H°, H°-H°, and
commented in Sec. Il B. We calculated the energy distribuH,”-H* have been calculated using the dielectric formalism

V. CONCLUSIONS
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and an energy-loss function developed by our group that dgresents an asymmetry in the height of the Coulomb peaks
scribes properly the electronic stopping of the target matebut opposite to the one found in the later case. It has been
rial. demonstrated that the opposed asymmetry is due to two ef-
Vicinage forces tend to align the dissociated fragmentdects; the first one is that H ions have smaller electronic
from the molecular ions in the beam direction. This effect isstopping per amu than their proton dissociated partners, and
shown clearly in the asymmetric heights of the Coulombthe second one is that vicinage forces align more efficiently
peaks that appear in the energy spectra of the dissociatéighter particles behind heavier ones.
fragments from the K" or Hy* molecules. This has been
seen in H energy distributions exiting at zero angle from
the dissociation of K" ions, this asymmetry decreases when
the fraction of H is included in the simulation code calcu-  This work was financed by the Spanish Ministerio de
lation confirming that H-H® and H-HC vicinage forces are  Ciencia y Tecnolog (through Project No. BFM200-1050-
smaller than H-H™ ones, and also confirming that these C02-07) and the Spanish Ministerio de Educagicultura y
vicinage forces have to be taken into account to obtain th®eporte (through a grant to M.D.B.-¢. M.D.B.-C. thanks
same results as the experimental ones. Fundacim Seneca for financial support, and G. Maynard, C.
Also the H," energy spectrum resulting fromzH ions  Deutsch, and J. Barriga for fruitful discussions.
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