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Model for hydrogen-atom production from the dissociation of fast H,* cluster ions by thin foils
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We present a quantitative model to describe the formation of hydrogen ataan{12p state$ following
the dissociation of fast30—120 keV/li hydrogen cluster ions H (n=2 and n= 3 — 21, odd induced by a
thin carbon foil. The model includes Coulomb explosion, multiple scattering, energy loss, and a simplified
description of charge-exchange processes inside the solid. This description takes into account the dynamic
screening of the moving protons by the target electrons and the relative position of the protons during the
charge-exchange process. The results of the calculations performed with a Monte Carlo computer code repro-
duce remarkably well the experimental ddi81050-294{®7)01301-2

PACS numbd(s): 34.50—s, 36.40-c

I. INTRODUCTION involved. In fact, we are dealing with a very complex situa-
tion and a first-principles approach would be, at present,
When a fast hydrogen cluster goes through a thin solidjuite difficult. Although simple, the model is able to repro-
target it is known that the relative populations of thednd  duce the experimental results. It could be a good guide for a
2p states of the hydrogen atoms produced are different fronmore complete description in the future.
those obtained with isolated protons impinging on the same
foil [1-3]. Indeed, just after traveling through the first atomic
layers, the cluster has lost all its electrons. The protons of
this “crowd” are repelled from each other by the screened We first assume that the cluster fragments that emerge
Coulomb interaction. Protons that capture electrons inside d¥om the exit surface of the foil with bound electrons have
near the exit surface of the solid could occasionally leave thgicked them up at the target. Indeed, in all experiments we
foil with an electron in the ground or excited states of theintended to describ§l—3], the target thickness was large
hydrogen atom, the probability of Hformation being small.  enough to make sure that the transmission probability of the
It was observed1-3] that these capture and loss processesrojectile with its own electrons was negligible,10]. An-
are influenced by the electronic screening of the protons imther assumption is related to the definition of electron-
the solid and by the number and the position of neighboringapture and loss cross sections for protons inside a solid. The
protons during the interaction. This proximity effect is re- existence of a stationary state of the projectile inside a solid
sponsible for the differences between the cluster and the pratepends on the collision rate and on the dynamic screening
ton cases. of the moving charge by the target electrons. This screening,
Recently[4], we have developed a Monte Carlo computeralso dependent on the particle velocity, results in the lower-
code to calculate the angular distribution of fragments ofing of the binding energy with respect to the free-ion case
H, " clusters after the traversal of a thin amorphous carborand may prevent a quantum bound state in vacuum from
foil. This code was based on models currently employed fobeing bound at all. It was suggested by Bralid] that the
fast molecular iong5-7]. First, the incident cluster with a velocity dependence implies the existence of a velocity
given structure was randomly orientated relative to the beanthreshold below which a given state ceases to exist as a
direction. This structure was obtained fraab initio calcu-  bound state. Recently, Mar and Burgdaofer [12] calculated
lations[8]. Second, Coulomb explosion, multiple scattering,this dynamical threshold for the Hecase and obtained a
and energy loss were introduced. Finally, the angular distrivalue that is in impressive agreement with the one measured
bution at the exit surface was obtained. in our laboratory{13]. For protons, in the velocity range of
In the present article, we have adapted this simulationnterest here, the existence of the §tate inside a carbon
code to take into account the possibility of one electron betarget was proposed theoretically by Cr¢d] and experi-
ing lost or captured by a proton in the presence of its clustementally demonstrated by Clouvgks]. The existence of the
partners in order to calculate the number of hydrogen atomgp state inside the solid has been shown by Baudinet-
formed in the 5 and 2o states, and to compare these valuesRobinet and Dumonit16].
to experimental datfl—3|. To do so, we have developed a
simple model with a small number of free parameters that
takes into account the main features of each phenomenon

Il. MODEL

A. Isolated proton case

Our description begins with the comparison of the data
available for the ratio of the electron-capture cross section
*Permanent address: Instituto de Fisica, Universidade Federal dar;) over the electron-loss one (), measured with gaseous
Rio de Janeiro, Cx. postal 68528, Rio de Janeiro, RJ, 21945-97@nd solid carbon targets. This ratio is plotted in Fig. 1 as a
Brazil. function of the velocityw (a.u) of the protons at the foil exit.
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FIG. 1. The ratio of the electron-capture cross sectiog) (to v (au)

the electron-loss cross sectiof,() for protons incident on different
gaseous targets and on carbon foil, as a function of the proton FiG, 2. The electron-capture and the electron-loss cross sections
velocity v. Experimental values and interpolated curves are shown((,C and o4, respectively for protons incident in gaseo¥oburen
[17]) and solid(Clouvas[15]) carbon targets vs the proton velocity

The experimental values for the “carbon gas” target werey.
extracted from gaseous carbon compouridd and an inter-
polation using He N, and O data was done for low velocitiesThen we need to consider in that case the dynamic screening

For the “carbon-solid” case, the data were extracted fromof the moving charge by the target electrons.
the neutral fractiorfo, the number of neutral atoms emerg-  we assume that an electron bound to a swift proton in the
ing from the foil per incident proton. Assuming the existencesolid is in an average potential well taken, for simplicity, as
of bound states in the soligl, is given at charge equilibrium,
by ef(r/a)

V=-— r ) (3a)

O¢ solid
Fo= P— 1)
01 solid™ T¢ solid

where

where o soig and o1 50jig &re the capture and loss cross sec-

tions in a carbon solid target, respectively. From these data, v

for v greater than 2 a.u., the ratig,/o; measured with a a=n_—+ar. (3b)
gaseous target appears to be equal to the one measured with 0

solid targets. Moreover, the data available for the electron- ] ) ) )
capture and loss cross sectidiiég. 2) show that Here, arr is the Thomas-Fermi screening length, is the
Bohr velocity, andy is a constant to be determined. In the

oIS o pls high velocity regime ¢ —«), V~—1/r, and forv—0, V is
csolid = cgas the static screened potential.
Rogerset al.[18] have calculated the electron energy lev-
and els of a hydrogenlike system with a potential well as the one
1s 1s we have defined. All the levels are shifted toward the con-
01 s0lid™~ 01 gas: (2 tinuum when the screening effect is increased. The main con-
sequence of such a decrease of the binding energy is an
In this velocity range, the solid target appears to be equivaincrease of the loss cross section. To take into account the
lent to a dense gas. effect at low velocity of the free-electron gas on the loss
However, at lower velocitiesv(<2 a.u), we observe in  cross section, we use a simplified formulati@orrespond-
Fig. 1 that the results obtained with solid targets are differening to the Thomson classical expressidar the ratio be-
from those corresponding to gaseous targfeisthis velocity  tween the loss cross sections for hydrogen atoms in the 1
range, results with carbon gaseous targets were interpolatesite:
from the ones obtained with oxygen and nitrogen tangets

The collision rate cannot be responsible for this fact because, gls o |ls
even in the high velocity regime where the rate is important, 1120'“’: Il(; , (4)

gaseous and solid electron-loss cross sections are the same. O1gas !solid
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where 13° and I35, are the ionization energies of the free

hydrogen atom and inside-solid hydrogen atom in the 1s I ST
state, respectively. g 15- . E
The electron capture is less influenced by the electron 3F > 3
screening because the proton essentially captures localized T [ ]
electrons(conservation of energy and momenturim other - i
words, for capture occurring near a carbon nucleus, the de- 101 |
localized electrons have little influence. For simplicity, we E E
take C Experiments ]
- Py FO -
O'(l:iolid: O'gsgas ) 2 3 A NF2p k
10°L . -
In order to obtain the constani of the expressiori3b), £ Calculations 3
we remember that almost all hydrogen atoms are produced in C ;‘; :
the ground stat€3,19]. Consequently we can write - s ]
O ¢ solid Uéssond D —— L S
=—3 (6) 0.5 1 2 5
O1solid 071 solid v (au)
and we get FIG. 3. Experimental values of the neutral fractiég the num-
1s ber of neutral atoms emerging from the foil per incident proton and
Ocsolid | Solia Ocgas 7 of the relative fractiolNF,,, the number of hydrogen atoms in the

2p state per incident proton normalizedFg (essentially & state

at high velocity. CalculatedNF,, and F, fractions (continuous
With the known experimental ratio/o, for gases and curves are also represented.

solids at different velocities, and using the ionization ener-

gies calculated by Rogert al. [18], we can extract, by a process. Indeed, thep2capture cross section is of the order

least-square-fit procedure, the value of the constarithe  of one-eighth of the & capture cross section, but in the two-

best fit corresponds tg=2.65, with a deviation of less than step process, the excitation following the electron capture

5%. has a small probability of occurring. Unfortunately, no ex-
Concerning the production of atonser incident proton  perimental values are available in the Iiteraturedxﬁgas, SO

in the 2p state, we use the same description as in thedlse  that we take the approximation of R¢1L9]

to define the fractiorr, :

1 1s .
O1solid | 0 T1gas

1
O_S

2p 2p _ _cgas
o2P = : 10
sz:%' (8) Ocgas™ 53 (10

07 'solid™ T solid

et o7, and o2 are he electron capture and oss | [1° DOAITed Tactioy fe cacuaied win ey
cross sections for the 2p state in a carbon solid target, respecl- d th lculated dE. fract ' 9]1 il
tively. We have plotted in Fig. 3 the relative experimentalpone the calculate# ,, andF, fractions. We get a fairly
valuesF ,, normalized at high velocity t&, versusv (a.u). good agreement between our calculations and the experimen-

We introduce a normalization factor N because absolute vat-aI results. T.h'S agreement c_ou_ld probably t_)e shghtly_ Im-
ues of the number of atoms in the tate are not available proved by using a more sophisticated potential. In addition,

(to our knowledgg This normalization was possible because> ¢ the expenm.enteﬂzp and F, fractions porrespond to

for v higher than 2 a.u., the velocity dependencé gfis the charge exchange in the I"’.‘St Iayers qf the foil, the decreage of

same as thé. one ’ waever this is not the case in the the electron-gas density in this region should be taken into
0 X ' account. However, the fact that our quite rough but simple

lower-velocity range. description can reproduce the velocity dependence of the

The same kind of arguments presented in the case of thl‘—e and F,, fractions in the isolated proton case is a good

1s state for electron capture and loss cross sections lead us tJ,. - .
indication that the main aspects of the electron loss or cap-
assume that, for electron loss,

ture by a proton inside the solid have been taken into ac-

o2P |1s count.
lsolid "0
Is =2 ©)
lgas 'solid B. Cluster case

where o124 is the 2p state loss cross section in a carbon  |n the case of H' clusters, each proton is inside the foil

gas target. As stated previouslgh; is the ionization energy with n—1 neighbors. This proximity influences the charge-

of the 2p state of the hydrogen atom in the tar&8]. exchange processes, the main consequence being an increase
For the 2 level formation, we have considered only the of the ionization energy of the captured electron and a cor-

direct electron capture, since the excitation from tisestite  responding decrease of the loss cross section. From that

(which results from an electron capture just at the exit of thepoint of view, we generalize the definitions of Sec. Il A.

foil) to the 2 state corresponds to a two-step collisional We first rewrite for the clusters the expressid@n:
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FIG. 4. Potential energy curves for the Hmolecular ion lead- FIG. 5. Coulomb potentials with and without screening for two

ing to one H (5 and 2p state$ vs the proton distance R, adapted fixed values ofa and b, vs the proton distanc®. The screened
from Ref.[20]. The V=0 and theR=6 a.u. lines were drawn in potential with the correction term (@AbR?) (see text is also rep-

order to clarify the explanation presented in Sec. Il B. resented.
T which depends on the distances between the protons, is not
Uis S o (11 known even for H™ inside the solid. By analogy with the
gas 1 soli

free H," case, we assume thaf B, is constant and equal to
wherel 1S ;. the ionization energy for an electron capturedthe binding energy of oneslelectron captured by one proton
by a protoni surrounded byr—1 protons, depends on the inside the solid. For the screened repulsion energy we have
relative distance between the protons. introduced the factor (* bR?) in order to get more flex-
Let us consider first the simple case of an isolated H ibility for our choice of the analytical form of the screening
The ionization energydifference between the energies of the Potential, particularly when the cluster velocity is small and
two protons without and with one electioran be written as the distance between the protons at the exit surface of the foil
the (positive) binding energy of the molecular sta@!S(R) IS large(see also Sec. Il In Fig. 5 the potential including

[equa' to _VlS(R) plotted in F|g 4 p|us the repu|sion energy the term (1+ sz) is drawn for a small value of the constant
(1/R) between the two protons: b. This term modifies essentially only the long-range part of

the potential and consequently it has little influence on the
L 1 1 lower hydrogen atomic states as calculated by Rogess.
I™(R)=B™(R)+ & (120 (18]
For the “2p state” case, we write in a similar way for the

It is reasonable to assume that neutral atoms observed gfectron-loss cross section
the exit of the foil result from an electron capture just before

emergence. If one proton moves close to a hydrogen atom in ‘Tipsglid: i (14)
the 1s state, at a distance of the order of or greater than 6 a.u. 015 | iboid

(the most probable distance between two protons at the exit

of the foil for the smallest clustergt]), the energies of the As before,

molecular stategbonding or antibondingdo not change

very much, as can be seen in Fig. 4. Consequently, the ion- L (e Ryl

2 _p2 2
ization energy is changed mainly by the quantitiR.1/ I Soia= B ’s)olid"'j:lz#_ R (1+bR7)|. (19

We generalize this behavior in order to calculate the ion- ' "
ization energy in the case of one proton and one electrofrhe term for the repulsion energy is the same as in the 1
surrounded byn—1 protons inside the foil. We write the case. However, when we observe the potential-energy curves
ionization energy of the “$ electron™ captured by a proton of H,* corresponding to the2state(Fig. 4), we see that the
i surrounded by the crowd af—1 other protong as states are mostly antibonding ones. To take approximately
into account this average antibonding effect on the ionization

n *(Ri ]/a) . . .
e energy, we assume the following expression:

2= Biooiat 2 R (1+bR?) |, (13

j=1j#i 1,) BZp |'d:|2p|'d+|i b (16)
1 soli solt ap?

whereR,; ; represents the distance between the protcarsd

j. The first term represents the binding energy of the genefVhere

alized molecular state for a system withprotons and one n

electrqn inside the solid, and the second one the screened o= 2 K(Rij~Rgy) for R <Ry

repulsion energy between the protons. The teBf,y, j=Tj#i
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and

TT T 1 T T T T T T 1
Fn
i 0
a=0 for R ;>Rgy. H, —» C (2.1 ug/lem?)

The two free parametelsand R have to be adjusted.
Concerning the electron capture, we notice that the
L-shell electrons of carbon are roughly at 0.1 a.u. from the
carbon nucleus. As the average distances between protons
are very large compared to this, we neglect the proximity

effect in the electron capture. Then, for the electron capture o 38 iewu
. [e] cviu
in the 1s state, we have Experiments< v 60 keV/u
1s ] 1s 0.2 o 80keV/iu
O ¢ solid= Tc solid= 0°¢ gas: (17) a 120keV/u
Calculations e——e
For the electron capture cross-sections in thep “&ate,” Olie v v v 1 0 v 1
using the same arguments as for thes'dtate” and expres- 123 57 9 1113 151719 21

sion (10), we write !
1s FIG. 6. Experimental1,2] and calculated neutral fractionsg1
g2l = 2P 2D :msl (18 statg vs the cluster mass number(n=2 andn=1-21, odd for
csolid T csolid “cgas 93 energies of 30, 40, 60, 80, and 120 keV/u incident on a carbon
target of 2.1ug/cm?.

lll. CALCULATIONS AND RESULTS [velocity dependent, see expressidh)] was left free in our

) 1s calculations, the parameter being fixed with the value
The Monte Carlo computer code has been described elsg-gg 45 explained in Sec. Il A.

where[4]. In brief, the incident cluster has a configuration
given byab initio calculationg8], is randomly oriented, and \4ioys velocities. Calculations have also been done with
is supposed to dissociatl®sing all its electronsin the front b=0, the proximity effect being then underestimated. In-
surface of the target. We describe the protons by cIassiceHeed, withb=0 the calculated=, fraction is found to be

orbits. The foil is divided into a large number of thin parallel ¢\ or (25%) than the experimental valigiuster caspat
sIa_bs. Frpm one s!ab to the next, the calculfemon of the Protofhe owest energies. The difference between the experimental
trajectories takes into account the electronic energy loss, the,y calculated values decreases with increasing velocity.
influence of the superp_osed \_/vake pote_nt|als,_ and thejyce i the isolated proton case the velocity dependence has
screened Coulomb explosion. This process Is continued UNBeen tested previously, and since the distance between the
the crowd of protons reaches the exit surface. Then the in5oiong at the exit of the foil decreases with increasing ve-
locity, we have introduced the correction ternH(tbRﬁ j) for

Table | presents the values of the parameter for the

ternuclear separatior® ; and the velocitiegabsolute values
and directionsare re_glstered and t_h_e|r values stored. . large distances between the protons at the exit of the foil, i.e.,
As already explained, the decisive charge exchange in-
volved in neutral atom production takes place in the last
layers of the foil, near the exit surface. Consequently we do rrorT T
not include, even in the slcase, the possibility of charge Fy H, — C (3.4 pg/em?)
exchange for each slab and we introduce the possibility of
charge exchange only when tRg; distances and the veloci-
ties have been obtained for each cluster at the exit surface of
the foil. We suppose that the charge equilibrium is attained
and we associate with each proton of one cluster a probabil-
ity of leaving the foil with one electron (d or 2p), with
cross sections calculated as stated in Sec. Il. The choice is
made by generating pseudorandom numbers that have the
same probability distribution as the event. We begin the

analysis with the proton that has the smallest ionization en- o 40keV/u
ergy. All the protons of the cluster get a chance to capture an 02 Experiments © 60keViu
electron. To take into account the effect of an electron bound ] o 80keViu
on one proton of the cluster, we substract the contribution of A 120keViu
this proton to the loss cross sections of the others. Calculations ~ +——

The results of our calculations are presented in Figs. 6, 7, oL 1 | - L !
and 8. The first two show the experimental neutral fractions 123 5 7 9 1 13

[1,2] and the results of the calculations for clusters*H "

(n=2 andn=1-21, odd with energies of 30, 40, 60, 80,  F|G. 7. Experimental1,2] and calculated neutral fractionsg1
and 120 keV/u incident on a carbon target of Z8/cm?  statg vs the cluster mass number(n=2 andn=1-21, odd for
(Fig. 6) and 3.4ug/cm? (Fig. 7). The agreement is, in gen- energies of 40, 60, 80, and 120 keV/u incident on a carbon target of
eral, excellent if we remember that only the paramdter 3.4 ug/cm?.
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TABLE I. Values of the parametera and b (free) of the

2p

- ialV=[exp(—R; ;/a)/R; ;] (1+bR?), where
H —» C0 2 screened potentia _ i Rij bR;; re

Eﬁ " ( ”gljm ) a=2.6/vg+age, used in the calculations for different velocities.

e 60 keV/u o o 80 keV/u The free parameters of the moddd and R.,) intoduced for the

- 2p case have the following valuek=0.055 a.u. andR.,~=15.1
a.u. for all velocities.

keV/u a (a.u) b (a.u)
30 6.62 0.042
40 7.41 0.028
60 8.83 0.022
] 80 10.11 0.020

Calculations +——e

OIIIILII||1

1 5 9 1317211 5 9 1317 21
n

cesses are well described by our simplified model.

Although the capture and loss of a 2lectron is a very
complex problem, we have simulated in our work thg 2
fraction yield with the same screening potential used in the
1s case. This oversimplification can be responsible for some
deformations. The 2 fraction appears to be very sensitive to
the screening effects in the 2—15 a.u. range. This is observed
from the velocity dependence in the isolated proton case and
approximately 5—15 a.u. We assume that the velocity deperfrom the proximity effects in the §' cluster case. There-
dence of the energy of the atomic states is not modified byore, theF,, fraction is an interesting tool to test the screen-
this long-range correction. ing effect. More data, especially with different solid targets

Figure 8 presents, for clusters of various sizes and enein order to change the electron density, should enable a more
gies impinging on a 2.Qug/cm? carbon target, the fraction accurate description.
ng normalized to the proton fractidﬁ%p_ For the 2 case, Finally, we have shown that the enhanced neutralization
we use the same values of the parambtéut we still have ~ Of a proton belonging to a hydrogen cluster iop'Hn=2
two free parameterk and R, the values of whict0.055 andn=3-21, odd with velocity near the Bohr velocity was
and 15.1 a.u., respectivélyvere extracted from the data at quantitatively reproduced using a simple model of the
one velocity. The calculations are in good agreement wittffharge-exchange processes inside the foil. The model de-
the experimental results. The variation of thg, fraction ~ Scribes well the neutralization or population of the dnd

with the cluster size, different from tHe,s one, is well re- 2P States, showing that the charge exchanges including the
produced at all velocities. screening and the proximity effect were the fundamental

phenomena of the observed enhancement in spite of the dif-

ference observed in the cluster size dependence & jlaad

F,p fractions.
The excellent agreement between calculations and experi-

mental results presented in Figs. 6 and 7 does not seem to be

fortuitous. It is remarkable that we reproduce well, in the

1s case, absolute neutral fractions for different velocities, One of the authorgN.V.C.F) gratefully acknowledges

clusters, and target thicknesses with only one free velocitythe hospitality received from researchers and staff members

dependent parametbr Table | shows that the values of this of the Institut de Physique Nuda&e (IPN-Lyon) during his

parameter are small and coherent for the different velocitiesstay in France, and the support of the Conselho Nacional de

It is clear that the main aspects of the charge-exchange pr®esenvolvimento Cierftca e Tecnolgico.

FIG. 8. Experimenta[3] and calculated neutral fractiorts;,
normalized to the proton l‘raction‘sﬁID vs the cluster mass number
n (n=2 andn=1-21, odd for energies of 30, 40, 60, and 80
keV/u incident on a carbon target of 2uay/cm?.

IV. DISCUSSION AND CONCLUSIONS
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