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This work presents the results of computer simulations for the energy spectra of original versus recombined
H," molecular ions transmitted through thin amorphous carbon foils, for a broad range of incident energies. A
detailed description of the projectile motion through the target has been done, including nuclear scattering and
Coulomb repulsion as well as electronic self-retarding and wake forces; the two latter are calculated in the
dielectric formalism framework. Differences in the energy spectra of recombined and original transmgitted H
molecular ions clearly appear in the simulations, in agreement with the available experimental data. Our
simulation code also differentiates the contributions due to original and to recombisfechdfecular ions
when the energy spectra contain both contributions, a feature that could be used for experimental purposes in
estimating the ratio between the number of original and recombingdrtélecular ions transmitted through
thin foils.
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I. INTRODUCTION ration at the exit surface, which has also been shown in a

. . . ) . recent work[3].
The interest in the study of £ molecular ions interacting  The aim of this work is to demonstrate that original and

with thin foils is because bi is the simplest molecular pro-  recompined transmitted £1 molecular ions can also be dif-
jectile. It is known that the bf ion is composed of tWo  ferentiated by their energy losses and not only by their dwell
protons(separated by a distand® and a bound electron. times. For this purpose we simulate in detail the motion
When the ion interacts with the foil it travels during acerta'”through thin carbon foils of k& molecular ions and their
time without being dissociated until it loses its bound elec-gjssociated fragments, in order to obtain the energy spectra

tron [1], resulting in two protons with a certain space con-of the original and recombined molecular ions at the exit of
figuration; the elapsed time until it loses its bound electron ispe target, for a broad range of incident energies.

called the lifetime of the molecular ion. Sometimes, depend- \yhen the H* molecular ion arrives at the target, it inter-

ing on the initial projectile velocity and on the foil thickness, 4cts poth with the electrons and with the nuclei of the target.
the molecular ion travels through the foil without being dis- gefqre dissociating, the f1ion experiences a stopping force
sociated; this is known as original transmission. The mosyainly due to the target electrons and a scattering force due
common thing, at the energies studied in the present work, ig, the target nuclei. When it dissociates, its fragments also
that the molecular ion leaves the foil dissociated into thegyherience the same forces plus other forces resulting from
protons that form it, a process called dissociation. But it cafpe close proximity of their partner fragments; namely, they
happen that the two dissociated protons capture an electrqpgyce a wake electric field in the target electronic medium,
at the exit of the foil[2,3] and recombine to form af1ion  aftecting the motion of their partners. In addition, when both
again; this is said to be recombined to distinguish it from thefragments are charged they mutually repel through Coulomb
original transmitted K" ion. _ _ forces. Finally, in order to take into account thg"Hecom-
Original and recombined b molecular ions transmitted  pination process, we include in the simulations the possibil-
through thin carbon foils were first identified by Poizat andity that the dissociated fragments can capture or lose elec-
Remillieux in 1971[4]. Subsequent measurements of high-tqns.
energy molecular ion yield versus target thickness by Remil- - £or comparison purposes, in Sec. Il we calculate theoreti-
lieux and co-workerq2,4—7 and others[8] have demon- 41y the electronic stopping of the original and recombined
strated the existence of two regimes: one corresponding t0 @;nsmitted H* ions. In Sec. Ill we present the basic ingre-
rapid decrease of the molecular ion yield with target thick-gients of our computer calculations, whose results are com-
ness for very short dwell times, and the other showing gared with available experimental data in Sec. IV. The con-
slower decrease of the molecular ion transmission yield fog)sions of this work appear in Sec. V. In what follows we

longer dwell times. There is strong evidence that the shorfi; use atomic units except where otherwise stated.
dwell time regime represents transmission of the original

molecule; for longer dwell times, this transmission probabil-
ity is negligible, and the detected molecular ions apparently
result from recombination of the protons dissociated from
the incident B molecular ion. Gaillardet al. [2] thought Energy loss due to electronic excitations in the foil is the
that the recombination probability should depend on themain contribution to the stopping of a swift projectile at the
probability for electron capture and on the internuclear sepaenergies considered in this work. The interactions of the pro-

Il. ELECTRONIC STOPPING OF THE H ,"
MOLECULAR ION
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jectile with the electrons of the material will be described in 0.40 T T T
the framework of the dielectric formalism, which accounts 035 - —H,” Gaussian model and ELF by Kansko [13]
for the response of the electronic medium to external pertur- 't ':':2gxa:::::n’:g:"s':::kfj;’y[ﬁ;"' statfiol
bation through the dielectric functiosik, w), wherek and w : ’
are the modulus of the momentum and the energy, respec- 0.25
tively, transferred to the electronic excitations of the target. 0.20
We use in this work a linear combination of the energy
loss function Ini—1/e(k, w)], for the external electron exci-
tations, which is obtained from the dielectric function pro- 0.10
posed by Mermin9], and a generalized oscillator strength 0.05
hydrogenlike approach for internal electron excitations 0.00
[10,17. With this procedure the optical properties and the 0 5 10 15 20
energy loss spectra of real materials are properly described v(au)
for the purposes of swift charged projectile energy loss cal-
culations.
The electronic stopping for a charge density ,t) trav-
eling with a constant velocity through a solid whose energy
loss function is Im-1/e(k, w)], is

S, (au.)

0.15

FIG. 1. Electronic stopping of amorphous carbon fof Has a
function of its velocity. The calculations were done using the
Gaussian model with the energy loss function proposed by Kaneko
[13] (solid line) and with the energy loss function appearing in Abril
et al. [10] (dashed ling The symboll represents the experimental

2 [*dk [ -1 result of Susuket al. [15].
=—| — d 2(K)1 , 1
> ), kJO "’“"’()m{e(k,m] @

1 1/2
\(/jvhergp(k) is the Fourier transform of the projectile charge NG:{Z[l +exp- aRZIZ)]} : (6)
ensity. n .
As the electronic stopping is a statistical process, it is! he variational methol3] givesU(Ry;,) =-0.5031a.u. and
convenient to define the “straggling,” which is the varianceRmin=2.05a.u. for the minimum of potential and its corre-

of the projectile energy loss per unit path length: sponding internuclear distance, respectively, both values be-
. ing quite close to the exact results.
2 (“dk(* -1 To calculate the stopping power and the straggling for a
2% - 2 2
o= m;ZJO k fo dww’p (k)lm[ e(k, w)]' @ beam of H* molecular ions incident with random orientation

_ . ~on the target, we substituj(k) in Egs.(1) and(2) by the
The charge density of the fimolecular ion can be writ-  square of the Fourier transform of the charge density of the
ten as molecular ion and average it for all possible angles between

p(r 1) = Z,8(r — vt = RI2) + Z,8(r —vt+ RI2) - pg(r —vt), < andR. which gives

@ b= 2002 1+ TR | g

whereZ; =1 is the charge of the protoR is the internuclear
vector between protong, is the velocity of the H" projec- sin(kR/2)
tile, and pg, is the electronic density of the molecular ion. ~2AKB(K) KR2 (7)

We assume in this work that the electronic dengityis
that of the ground molecular levei,1s. It is known that the where
exact electronic wave function of this ground level is an A(K) = 27, - C(K)
infinite series of Legendre associated functions; the corre- ! '
sponding potential energy has a minimum &,
=1.9972a.u. with a valud(R,,,,) =—0.6026a.u[12]. But the B(k) = e *®C(k),
difficult handling of these functions opens the door to Sim'and
pler models for the electron wave function of thg"Hno-
lecular ion. The Gaussian modgl3], which has proved to c(k) :e—k2/8a/[1 + exf- aR3/2)].
be simple and usefyll4], gives the following wave func-
tion: We compare in Fig. 1 the electronic stopping of a carbon

target for the H" molecular ion, calculated with our energy
®el(r) = Ngla(r = R/2) + @6(r +R/2)], (4 loss function[10,17 or with the one used by KaneKa3], in

where ¢(r) is the normalized Gaussian wave function both cases using a Gaussian model for the electronic molecu-

lar orbital. One experimental result is depicted for high ve-
8/4 5 locity (v=19.6 a.u[15)), i.e., small dwell times, which cor-
@c(r) = (;) exp(—ar?), (5)  responds to the case of original transmitted molecules.
On the other hand, the energy loss of a recombingd H
«=0.43 a.u. is the orbital parameter, aNg is the normal- molecular ion is similar, except for vicinage effects, to the
ization factor for this molecular orbital: energy lost by two protons traveling together in an uncorre-
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- y T y 7 y T y interactions wi e target are different from those that take
06 ot teract th the target different from those that tak
05 -_(a) el ] place when the molecule is dissociated. Nondissociated mo-
! ,'\\ - = 2xH' ) lecular ions are supposed to experience the same interactions
o4l \ e “Iz . as an atomic prolectl'l{a'S], sufferlng(l) the electrqnlc stop-
3 [d O Low velocities (Escovitz etal. ping force andii) collisions with the target nuclei. The cal-
g [ OV " culation of the electronic stopping force was presented in the
8 PN\ o e lation of the electronic stopping f presented in th
o 02 Rl (Fritz et al.[19]) J previous section; nuclear collisions are taken into account by
! S e ns) ] adapting a Monte Carlo algorithm developed by Mo#eal.
0.1 . [21] to describe the classical theory of the dispersion using a
e T R S ] Thomas-Fermi lomb screen ntial with a universal
0.0 — TR omas ?j' Couzozbsc eened potential with a universa
20Hb) = _omm=eeee _ A screening |s_tan_cQ ,23. _ _ _ _ _
I 2= ] When the incident molecular ion dissociates into its con-
161 A Calculations i stituent protons, each one is subjected individually to the
Y '_';';'x W ] same types of atomic interactiofig and (ii), plus other in-
512 | —H . teractions related to the correlated motion of its fragment
8 w Expermms """""""" a partner, namelyiii ) the Coulomb repulsion, when both dis-
o, 08F . iati ;
a if O Low velocities (Escovitz et al. sociation fragments are charged, &iwj the wake force, due
[ [16], Levi Sett of al. [17]) ] to the electronic excitations induced in the target by the part-
0419 O Intermediate velocities - . . .
| (Fritz et al. [19]) ] ner fragment. Coherent scattering is not taken into account
0.0 L 4 Mighvelooitios (Suguki ot & [15) because it was shown to represent a small correction in this
0 5 10 15 20 energy rangg24].
v(a.u) The wake force produced by a fragmewith charge den-

sity p;) on the other fragmeniwith charge density,) at the
FIG. 2. (a) Electronic stopping an¢b) electronic straggling of  relative position given by the cylindrical coordinatesr) is
amorphous carbon for the i molecular ion as a function of its calculated using the same dielectric formalism as for the
velocity, using the Gaussian modgbolid line); the corresponding stopping force[14]. The components of this force parallel

results for H and twice H are represented by dotted and dashedgnq perpendicular to the motion of a fragment with charge
lines, respectively. The symbols represent experimental resultaem;ityp1 are

[15-17,19 for the different energy regions discussed in detail in

YA 2 (7 K)po(k) (< s
Sec. IV. F(zr) = _2f dkMJ dwao(r\sz— wZ/UZ)
™ Jo k 0
lated manner, which is twice the energy lost by one proton: , 1
. w.

AE(H2+ - H2+recomt) = Z[AE(H+ - H+)]' (8) . {Sln<?>Re[ e(k,(u) ) 1]

The same holds with the straggling: 1
9giing +cos(w—z>lm[ —1” (10
QZ(HZ+ - H2+recomg = 2[92(H+ - H+)]- (9) v E(k’ w)

In Figs. 2a) and 2b) we have depicted the electronic stop- and

ping and straggling, respectively, obtained here for the origi- 2 (7 pi(K)pa(k) kv I T

nal transmitted K molecular ion and for twice the corre- Fr(zf) = gf dk=— f dovk® - v

sponding values for a single proton. The calculations for the 0 0

original transmitted H agree with experimentd 5] only at [ T wz 1

high energy, but cleazrly differ from the available experimen- X3V = w?fu?) X {CO<?>R{ ko) 1]
tal data for the low{16-18 and intermediatef19] energy

regions. A computer simulation, described in what follows, _ sin(w—z>lm[ 1 1” (11)
will help us to understand the behavior of the energy loss of v ek, w) '

the transmitted kK in the whole range of incident energies.

where Jy(---) and J;(---) are Bessel functions of the first
kind.
lIl. COMPUTER SIMULATIONS The initial geometry of the incident H1 molecular ion
must be taken into account because the forces between frag-
The numerical code we have used to follow the trajectoments depend on the internuclear distance as well as on the
ries of the H™ molecular ions has been described elsewhererientation of the internuclear axis with respect to the beam
[14,20. Here we summarize its main points. direction. The initial internuclear distance is taken from a
Inside the target the 51 molecular ion first moves non- distribution theoretically calculated using the Franck-Condon
dissociated and, after a brief time, it breaks into its constituprinciple [25]; the initial molecular orientation is obtained
ent fragments. The time moving nondissociated is drawrirom a random draw of Euler angl¢26.
from the lifetime of the H" molecular ion in carbon, 0.23 fs The simulation code uses a standard molecular dynamics
[15]; during the motion of the molecular ion as a whole its method to follow the evolution of a system of o(the non-
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dissociated molecular igror several particle§.e., the frag- To recombine the K ion in our simulation code, first of
menty, using a numerical integration of Newton equations.all we need the particles that form the,’Hion: the two
The possibility that the fragments can capture or lose amrotons and the electron. The latter is captured from the elec-
electron inside the foil is also considered in a simple way, intronic medium of the target material taking into account the
order to account for the recombination process. Thdrbic-  possibility of a two-individual-proton electronic capture. We
tion is negligible in the energy range studied h¢?&,2§ have considered this capture at the exit surface of the foil
and so only H and H fragments will be considered: also, as this is more probable since the electron attraction by
the two protons is not screened by the material electrons. Our

+
1 for H', code allows us to know the coordinates and the velocity of
pk) =1, for HO (12)  each dissociated proton at any instant, and therefore we can
[1+(k2)2]? or [ know the relative magnitudd®, v,., andL at the exit of the

) ) foil. Knowing these values, it is possible to calculate the
To implement the electron capture or loss process in theyternal energy as well as the maximum of the dissociation
computer code, the charge state of each fragment has begfective potential energy in order to decide if thg*He-
assigned at each time step according to the equilibriumdompination happens.

charge fraction corresponding to its velodi&7,28. Nuclear

collisions suffered by the dissociated fragments are insen-
sible to their charge state, behaving like protons for these IV. RESULTS
types of collisions. The stopping force acting on a fragment

depends on its charge state, but the wake force depends ough amorphous carbon foils were obtained using the pre-

the charge state of both interacting fragments. Finally, CouVioust described code, and they will be compared with the

lomb repulsion takes place only when both fragments ar_PEvaiIable experimental data according to th" Hhcident
nergies: low[16—18, intermediateg[19], and high energies

The energy spectra of the,Hmolecular ions transmitted

protons; this interaction is also considered outside the foi
because repulsion inside the target is not complete, esp 15)
cially at the highest fragment velocities. The trajectories ar |
calculated until each projectile reaches a simulated detector,

characterized by an angular acceptance that takes into ac- A. Low energies

count the effects of finite resolution. The experiments performed in Refd6-19 studied the
The computer code also considers that, once the fraggansit of H,* molecular ions withy <1.00 a.u.(<50 keV).

ments reach the exit surface of the foil, molecular recombis; yege jow incident velocities, very thin foils were needed

nation can take place only when one electron is captured b% detect original transmitted A molecular ions. Also at

one of the two fragment protons, and the sysmo pro- o0 velocities, the number of transmitted” Hnolecular
ton+s and the c_aptured electholorms a bound state of thg ions formed after recombination is very high, because the
H," molecular ion. In order for the system to be bound, its, 4ty that the proton fragments capture an electron and
!nternal energy sho_uld be smaller _than _th_e maximum of th ecome a hydrogen atom is also high70%), and molecu-
lon effective potential energy for dissociation, i.e., lar recombination depends directly on this electron capture
Eint < Ueft ma R Ure) O recombination, ~ (13) by the exiting proton fragments].

Figure 3 shows simulated and experimental energy distri-
butions for different incident ki velocities and for different
foil thicknesses. Our code can distinguish between the en-
In this work, we consider that the recombination happen£'dy spectra of the original and recombined transmittgtl H
only for the oy1s electronic statgor fundamental electronic Molecular ions. It can be seen that almost all thg tns
state of the H" molecular ion so the effective potential en- experimentally detected are recombined ones. The number of
ergy will correspond to this fundamental state. The internafeécombined and original molecular ions decreases with in-
energy of the system is given by the relative kinetic energyereasing dwell time, but the recombination process domi-
and the H" dissociation effective potential energy for the nates for larger dwell time@.e., low energiep[3]. Recom-
ogls electronic stateUqq, which depends on the distanBe bined molecular ions are characterized by a mean energy loss

and on the relative velocity,, between the two protons: and a width in the energy distribution that is larger than that
5 for the original transmitted ones, as is expected according to

1 _1os L the discussion in Sec. II.

Bint = 5 p07er+ Uerl(Rivre) = 2 pvrer + U(R) + 2ur?’ Moreover, it can be seen that the number of recombined
(15) molecular ions is independent of the dissociated fragment

energy before they recombine, as all energy distributions are

whereU(R) is the H," dissociation potential froni29], u is  practically symmetric around a mean value. The small asym-
the reduced mass of the system, aneluR X v, is the rela-  metry at low spectrum energies is due to particles that suffer

tive angular momentum of the system. Also, the value of thdew nuclear collisions during their travel through the foil;

internuclear distanc® must be comprised between the val- this is demonstrated when this asymmetry disappears as the
ues of the classic turning points of the effective potentialenergy of the incident particle increases. This feature is more
well Ugg. remarkable for the experimental distributions. The sums of

Eint > Uett madR.vre) O N0 recombination.  (14)
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50 ————————r—— 17— 71— FIG. 4. Energy spectra of A1 molecular ions transmitted
| H,'(50.06 keV)>C (48a.u)> H,’ (c) | through amorphous carbon foils of thickneé® 230 and (b)
400 _EXperIi_merlts otal . | 490 a.u. The incident beam energy is 1 Méy¥=4.47 a.u.. Our
" Levi-Setti etal [17] 3 simulations are compared with experimental results by Fital.
2 | Simulation . ' ] [19]; recombined iongdotted line,(a) enlarged six timés original
5 300 ---- (F;e_cs)mll)ingg r T ions [dashed line(b) enlarged 50 timds and total iongsolid line).
o = = - Original x \ . . L ' .
5 L Total | 1 In (b), the dotted line practically coincides with the solid one.
%’ 200 | . | B
é !.I ] thickness(D). The straggling is related to the square of the
~ 100l L E‘:;dr;"t _ full width at half maximum of the energy distribution
Y through
0 'Il ) ) ) N2
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FIG. 3. Energy distributions of H molecular ions transmitted The 'valuesSe:0.34?_L0.01 a.u. and)?=0.30£0.01 a.u. are
through amorphous carbon foils and detected at all angles, for difPtained from Flgs.2 @ and 3b); whereas S
ferent incident energie$E) and target thicknesseD). (a) E  -0-31£0.01 au. and)*=0.43£0.01 a.u. result from Fig.
=25.01 keV,D=28 a.u.,(b) E=25.01 keV,D=57 a.u., andc) E 3(c). If these values are put on the theoretical Fig. 2, it is
=50.06 keV,D=48 a.u. Simulated spectra for transmittegf tho- ~ Noticed that these data are more similar to twice the proton
lecular ions after recombinatiqulotted ling, original onegdashed ~ Vvalues(characteristic of a recombination procg®gn to the
lines, enlargeda) 53, (b) 470, and(c) 20 timeg and the sum of both  H," theoretical valuegcharacteristic of an original transmis-
(solid line) are compared with experimental resyli$s,17. Note  sion). This means that in these experiments most of the trans-
that in (b) the dotted line is hidden beneath the solid one. mitted H,"” molecular ions result from recombination of their

. L - fragments.
the simulated energy distributions for the original and recom-

bined molecular ions are depicted by continuous lines in Fig.
3 and agree quite well with the distributions obtained experi-
mentally. In the experiment by Fritet al.[19], 1 MeV H," molecu-
Also, from the spectra shown in Fig. 3 we can obtain thelar ions (v=4.47 a.u. were sent through amorphous carbon
experimental stopping and straggling, which can be comfoils with thicknesses in the range of 230 a.u. to 920 a.u.
pared with our calculations in Sec. Il. The experimental stopFigures 4a) and 4b) represent the final §1 energy distribu-
ping is the difference between the incident energy and th&ons for the 230- a.u.- and 490- a.u.-thick foils, respectively,
mean value of the energy distribution, divided by the foiland clearly show how the spectra widen for the thicker tar-

B. Intermediate energies
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or T T T T ] 160 [ H,' (19.193 MeV) = C (@16 auy> HS i
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sl H,(1MeV) -C e FIG. 6. Energy distribution of K transmitted through a 916-
L " Experiment [19] . a.u.-thick amorphous carbon foil, for an incident beam energy of
‘\; | o Simulation o 19.193 MeV(v=19.6 a.u.. The energy distribution of transmitted
Q 4r - o . molecular ions obtained with our prograimistogram is compared
< r o ] with experimental resulté]) [15]; the experimental energy distri-
N% 3 [ _— o ] bution of the incident beartwithout the foil) is represented bl
2 o @ ] [15].
1} - . . . .
- (b) sults[19]. N2,,;u grows linearly with the foil thickness, ob-
O R S e taining the straggling valu®?=1.5+0.4 a.u. If this value is
0 100 200 300 400 500 600 700 800 900 put in Fig. 2b), it is seen that its error bar includes the value
Foil thickness (a.u.) of twice the proton straggling. The value b, at zero

) thickness agrees with the experimental width of the initial
FIG. 5. (a) Mean value andb) Ny Of the energy lost by kf beam energy distributioer =1.3+0.7 a.ul19].
molecular ions transmitted through amorphous carbon foils, as a FWHM ¢ .
. S L All together, our results lead us to conclude that for inter-
function of the foil thickness, for an incident 1 MeV,Hmolecular . . oo X . .
mediate energies the recombination mechanism is the main

ion beam. The experimental data by Fritzal. [19] are shown by for thick foil hile th iqinal ission is th
H; the results obtained from our simulations of the energy distribuProcess 1or thick foils, while the original transmission Is the

tions are represented Hy. main process for thin foils.
get. Our simulations agree quite well with the experimental C. High energies
distributions.
For the thinner foil, Fig. @), the number of original Finally, we discuss the experiment of Susekial. [15],

transmitted ions is greater than the number of recombinewhere the energy loss of 19.2 MeV,Hmolecular ions(v
ones, because the shorter dwell times favor the transmission19.6 a.u. was measured at the exit of amorphous carbon
of original H," molecular ions, and, in addition, the neutral foils with thicknesses ranging from 170 a.u. to 970 a.u.
fragment fraction(0.3%) [30] after H," dissociation is much As was mentioned before, our simulation program differ-
smaller at these energies than at low energies. On the othentiates between original and recombined transmitted mo-
hand, for the thicker foil, Fig. @), fewer original ions are lecular ions, so it is possible to say if the experimentally
transmitted and so the recombined yield is greater than theetected ions are mostly originals or recombined ones just by
original one. analyzing the energy loss distributions. As an example, Fig. 6
It is possible to obtain the mean energy loss as the differshows the experimental and simulated energy distributions of
ence between the incident energy and the mean energy of th&," molecular ions transmitted through a 916-a.u.-thick
energy distributions. In this way the mean energy loss foramorphous carbon foil. Recombined molecular ions are not
several foil thicknesses between 100 and 1100 a.u. has beebtained in the simulation for this energy and for this foil
calculated and represented in Figajstogether with the ex- thickness, which means that the experimentally detected mo-
perimental result§l9], showing an excellent agreement. The lecular ions were overall original ones. The energy distribu-
mean energy loss increases linearly with the foil thicknesstion of the incident beam is also shown in Fig. 6 for com-
the slope beind5,=0.260+0.006 a.u. Putting this stopping parison purposes.
value in Fig. 2a), we see that it is rather close to twice the  The stopping power is calculated from the experimental
H* stopping at the same velocity. energy distribution in the same way as for low and interme-
The energy straggling of the transmitted,"Hmolecular  diate energies, obtainin§.=1.81+0.15< 1072 a.u. Putting
ions can also be obtained from the energy distributions. Figthis result in Fig. 2a), we notice that this value is closer to
ure §b) represents the square of the full width at half maxi-the electronic stopping power for,Hthan to twice the elec-
mum (N2, as a function of foil thickness. As in Fig(®,  tronic stopping power for a proton, just as would correspond
our calculations compare quite well with experimental re-to an original transmission process.
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The value for the straggling obtained from the same exdar ion during a short time and, after the dissociation takes
perimental energy distribution ©2=2.1+0.3 a.u., which is place, the correlated motion of each pair of its dissociated
slightly larger than the theoretical result for thg"Hnolecu- ~ fragments. We have considered that the projectiles experi-
lar ion [Fig. 2(b)]; this is so because the energy distributionence the following interactions: stopping force, nuclear scat-
of the incident beam already has a considerable widthtering, wake force, and Coulomb explosion, the two latter
N,Z:WH,\,I 4=96.64£0.03 10° a.u., as Fig. 6 shows. appearing only for the dissociated fragments. The possibility

When depicting the energy loss spectra for the same incief electron capture or loss by these fragments has also been
dent energies but for different target thicknesses, it is seetcluded in our simulation in order to consider the recombi-
that the thicker is the foili.e., for longer dwell timesthe  nation of H," molecular ions. The simulated energy spectra
smaller is the detected number of originaf*Hinolecular ions ~ for original and recombined transmitted, Hmolecular ions
relative to the number of recombined ones. This is due to theompare quite well with the experimental spectra.
finite lifetime in the foil of the molecular ion; therefore for In a previous papef3] we discussed the transmission of
longer dwell times fewer original molecular ions are trans-original or recombined K molecular ions according to their
mitted. But we do not obtain the same ratio for differentdwell times in the foil. The results shown in the present work
incident energies with similar dwell timés-1 fs) as in Figs.  show that the original and recombined transmitted kho-

3(a), 3(c), 4a), and 6. At first glance, the ratio between the lecular ions can also be distinguished by comparing their
number of original transmitted molecular ions and the num-£nergy loss characteristics, derived from their energy spectra,
ber of recombined ones increases with incident energy. Thigith the energy loss calculations obtained within the dielec-
could be due to a dependence of the lifetime on the energyfic formalism framework. The energy loss of an original
but we have demonstrated recent8] that it is the recom- transmitted H" molecular ion is similar to the calculated
bination yield that really depends on the energy, as electroglectronic energy loss of the H molecular ion, while the

capture diminishes with increasing energy. energy loss of a recombined,Hmolecular ion is similar to
twice the calculated energy loss of a proton. The same hap-
V. CONCLUSIONS pens for the energy straggling; the energy straggling of the

original transmitted molecular ion is similar to the calculated
The energy spectra of f1 molecular ions transmitted H.* electronic energy straggling, while the energy straggling
through thin carbon foils, as a function of the incident pro-of the recombined molecular ion is similar to twice the pro-
jectile energy and target thickness, have been simulated ugon electronic energy straggling.
ing a computer code that takes into account the main inter- |n conclusion, the computer code that we have developed
actions experienced by the molecular ion and its dissociategbproduces satisfactorily the main features that appear in the

fragments as they move through the solid. The electronigjissociation, recombination, and transmission of Hho-
stopping for these ions was calculated theoretically using thgscular ions through thin carbon foils.

dielectric formalism with an energy loss function that prop-
erly describes the electronic excitations of the target mate-
rial, obtaining the result that the electronic stopping for the
H," molecular ion is smaller than twice the electronic stop- This work was financed by the Spanish Ministerio de
ping of an isotachic proton. Ciencia y Tecnologié&hrough Project No. BFM2003-04457-

Two types of transmitted 51 molecular ions have been C02-0) and the Spanish Ministerio de Educacion, Cultura y
analyzed: original and recombined ones. To distinguish thenDeporte(M.D.B-C.). M.D.B-C. thanks the Fundacién Séneca
we have implemented in our simulation code the motionfor partial financial support and J. Barriga for fruitful discus-
through the solid of the initially nondissociatedHnolecu-  sions.
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