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Collisions between kI ion projectiles with H targets have been investigated in the 2.5—1000 keV energy
range by means of classical-trajectory Monte Carlo calculations. It has been possible to simulate classically a
dynamical H* molecule and, therefore, the approach includes all the Coulomb interactions between the five
classical particles. Particular attention is paid to the description of tfiddn projectile, initially in its first
vibration (v=0) ground state, and to the identification of the various reaction products after collision. Total
cross sections for all the possible reaction channels are calculated, and are found in fair agreement with recent
experimental data in the 20—100 keV energy range. Firsthte distributions for the hydrogen fragments are
also determined.
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|. INTRODUCTION found that this model leads to unrealistic electronic clouds

. . for the H," and H, molecules, localized mainly in a plane.
The well-known classical-trajectory Monte Carlo methOdWhen u?ed in collisions studies, the model is found very

(CTMC) [1] has been Iargel_y e_mp_loyed in the past to_de'_computing—time—consuming since many energy-dependent
scrl_b_e electron-capt_ure_ and lonization processes occurming ianiials must be evaluated at each step of the integration of
collisions betlween ionic projectiles anq atomic targets. Buthe Hamilton equations. Moreover, since an electron has to
the use of this method was generally limited to one-electronyyijize around a nucleus, the use of the model in collision

atomic targets since 'multielectron a}toms_ or moleculgs Artudies may lead to instability in the integration of the
classically unstable with respect to dissociation or autoionizy - oieon equations

ation. To avoid this problem, previous CTMC collision stud- More recently, Wood and Olsdit] and Olson and Feeler
ies involving H," or H, molecular targets have developed 8] have proposéd a dynamical model of the Holecule in
one- or two-electron models, where the distance of the tWwqisions with an ion, in which each electron is initially

protons is fixed at the equilibrium distance of the moleculebound by the Coulomb force to its parent ion and has no
and the assumption of independent electrons is Mi2dd|. 0 raction either with the other ion of the molecule or with

Hoyvever, as the prc_)blem of no'nst_ablhty of.the moleculg 'Sthe other electron. The two atoms of the molecule are then
attrlbuteq to the H_elsenberg_ p_rlnC|pIe that is not taken intq) |4 by a Morse potential. During the collision, either the
account in a classical description of the molecule, some €fe,1ompy electron-electron  interaction is included in the

forts have been devoted in the past to simulate this prinCiplg;, miitonian along with the Coulomb interactions between

N aK.cIasrft;cal theo(rjy.w_l 5 d lassical . the electrons and the other ions or the Morse potential is
Irschbaum an llet$5] proposed a classical atomic slowly switched off, following the reaction channel consid-
model which incorporates features of the Heisenberg pring oqin the collision

ciple through analytical potentials. Doing this, they found Another approach, in the beginning of the present work,

thzﬁ ground-state conﬂguratmnden_e[]gleslsgj thfe r';'e_' Li, N_ewas proposed by Greenspg#l, who showed that it is pos-
and Ar atoms are overestimated within 6 of thelr experiip|e to simulate classically a dynamica}'Hbr H, molecule

:
mer|1tal or Hartr_ede-F(i)(ik valute):s, adndcthg Hagd H ??A-t in its first vibration(v=0) ground state by considering all the
ecules are considerably overbound. Cofghobserve 3l coulomb interactions between electt®mand protons. Thus,

trllsh.m;]erbmdm% IS d“e.t.to the Iocal||zat|;)rt1hof thel elelc(s))n_d given the experimental energy of the molecule in its ground
at high-symmetry positions, namely, at thé molecular mi ‘state, the Hamilton equations for the multibody system are

, PR o
point of H2 or in the bisecting plane of 4 In order to . solved to determine the vibration motion of the protons cor-
prevent this electron cpllap_se, energy-depgndent reDUISIVr%la’[ed with the motion of the electr@). Our classical
potentials were used in his model, leading to accurat

ground-state configuration energies fog"Hand H. How- fnethod for simulating the 5 molecular ion is basically the

ever, the determination of the parameters of the potentials %ne described in full detail by Greensped]. In the case of
critical since they have to reproduce both the ground-statEEie H, molecule, Greenspa9] also showed that under the

fthe elect (i t dth d-st ssumption of an attractive Coulomb interaction between the
energy ot ne electron-parent ion system and the ground-sta ectrons, the average experimental data for the vibration fre-
energy of the molecule without changing its stability. We

quency and the equilibrium distance of, ldould be well
reproduced. We have not retained this unrealistic assumption
when considering the fHmolecule and have been able to
*Electronic address: j.pascale@free.fr reproduce as well the Hmolecule by using the pure repul-
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sive Coulomb interaction between the electrons.
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between the particles are taken into account by using pure

In the present paper, we apply the CTMC method develCoulomb potentials. This work shows that a stable molecular

oped by Abrines and Percival] to the treatment of colli-
sions, in the 2.5—-1000 keV energy range, betwegh gto-

ion can be obtained if the initial position and momentum
coordinates of the classical particles are carefully chosen.

jectiles and H1s) targets. The 20—100 keV energy range is Owing to the complex nature of the collision system, vari-
more particularly investigated as some recent experimentalus reaction channels may occur in collisions betwegh H
data are available in this range for various reaction channelgrojectiles and Kils) targets. They are listed as follows,
[10]. In the course of the collision, all the mutual interactionswhere underlining denotes a fast particle:

Hy + H(19) — Hy" + H*

Hy" +H(1s) - H'+H'+H* + e
H," +H(1s) » H" +H* + H*
Hy" +H(19) — H, +H'
H,"+H(1s) - H* +H* +H*
H," +H(1s) —» H"+H"+H" +2e projectile and target ionization,

H," +H(1ls) — |;|2+* +H" +e target ionization and projectile excitation,
H,"+H(1ls) = H* + H"+ H* +e target ionization and projectile fragmentation.

elastic scattering or excitatidiprojectile or/and target
projectile ionization and target excitation,

pure breakup of the projectile,

pure capture,

dissociative capture,

Therefore, particular attention is devoted to define tests fofrom the Oz axis defining the impact parameter. The initial

ending the integration of the Hamilton equations along withvelocity vectorV of the projectile is along th®z direction.

an unambiguous identification of the reaction channels.

Il. THEORY
A. Dynamics

We consider the five-body classical collision systesae
Fig. 1) composed by the molecular projectilevo protons
P,,P, and one electrgnand the atomic H targébne proton
P, and one electrgn The center of mass of the H target is
put at the origin of a fixed referenti®xyz The center of
mass of the two protonBy, P, initially lying in the plane
Oxzis put at a large distand®,, from O, and at a distance b
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FIG. 1. Geometrical arrangement for @*H H(1s) collision (see

In Fig. 1, 6 defines the orientation of the,Hmolecular axis
with respect to théz The H," molecular axis is first pseu-
dorandomly orientated by sampling)between 0 andr/2.
The OP;P, plane is then pseudorandomly orientated with
respect to th®©xzplane through a rotation of anglearound
the Oz axis sampled between 0 andr2correlatively this
rotation is applied to all the coordinates of the three particles
of the projectile. We outline in Sec. Il B the classical method
for the simulation of a stable dynamical moleculg Wvhich,
in another connection, is described in detail elsewh@te

The initial conditions for the Kls) target are sampled as
usual from a microcanonical distribution in space and mo-
mentum variablefl], following the method of Reinhold and
Falcon[11].

The Hamiltonian of the system contains the kinetic energy
of all the particles and their mutual Coulomb interactions,

2

SEDIEEDWOEC

P2m TS
where p;, m;, and z are, respectively, the momentum, the
mass, and the charge of the particl@ndr;; is the distance
between the particleisandj.

For a given set of initial conditions, the 30 classical
Hamilton equations of the collision system are solved nu-
merically using a fourth-order Runge-Kutta integration
method with a variable time step since a very close approach
of two particles requires a very small integration sfép

text). The origin of the fixed coordinate frame is at the center of The integration is ended when the exit tests, described else-

mass of the hydrogen ato(®3,€").

where, to identify the various reaction channels are fulfilled.
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TABLE |. Coordinateg(in a.u) for the initial positions and mo-
menta of the three classical particles used in the simulation of the
H," molecular ion in its first vibration ground state. The electron
momentum is just given as guidantsee texk

Particles X y z Uy vy v
e 0475 00 0550 00 1.0566 0.0 3
Py 00 00 1415 00 00 00 N
P2 00 00 -1415 00 00 00

For a number of trajectories used in the large enough
calculations, the classical cross section for a particular reac-
tion P is defined as usual by

N
Op= _Pw(brznax_ bﬁ"lin)'

FIG. 2. Three-dimensional representation of the electronic cloud
where Ny, is the total number of trajectories used in the of the classical Igf’ molecular ion along with the vibration motion
calculationsNp is the total number of trajectories leading to of the protons.

the reactionP, andb,,, andby,,, are set for the limits of the

impact parameter range. vibration (v=0) ground-state level of the molecule being set
This classical cross section is generally associated with g —0.596 467 a.u. As pointed out before, when using these
standard deviation given by parameters to reproduce the vibration of the molecule, it is
1 1 \12 important to determine precisely the velocity component of

Aop= UP<— - —> the electron. Therefore, the value of the electron velocity is

Nt  Np just reported in Table | for our guidance. It is important to

We have also determined the fimaldistributions of the note also that all the calculations have to be performed using
hydrogen fragments produced in the electron capture an@ c0de compiled in 64-bit words. Thus, an average over 12
fragmentation processes by using the method of Becker arfegcillations gives calculat1e4d values of 1_.109_ A for thg bond
MacKellar [12]. Finally, the probabilitiesP(b) for the vari- 1€ngth and of 1.50X10*"s for the vibrational period,

ous reactions versus the impact parameter have also bedf{lich compar(el4well to the experimental values of 1.070 A
calculated. and 1.450< 10" s, respectively. We have verified that the

stability of this classical and dynamical molecule is not
changed after several hundreds of oscillations. Then the po-
sition and momentum coordinates for the electron and those

As described in the Introduction, the vibration motion of for the protons are stored for a few oscillations of the mol-
the two protons H' correlated with the motion of the elec- ecule. These data are used afterwards in the collision prob-
tron is simulated by solving the Hamilton equations for thelem to determine the initial conditions of the,Hprojectile
three classical particles interacting through pure Coulomlpy Monte Carlo sampling. It has to be noted that for any
interactions. We recall that this method conserves the elegoint of this sampling, the position and momentum coordi-
tronic energy of the moleculdixed initially to the experi- nates refer to the fixed reference fra@ayz with the two
mental value of the electronic ground state in its first vibra-protons on theOz axis and the center of mass of the two
tion leve) during the integration of the Hamilton equations. protons put in O. For the collision problefsee Fig. 1, it is

As done by Greenspdi®], we put initially the two pro-  the center of mass of the H atom which is put in O, thg H
tons at rest symmetrically at distancgs-z in the reference  molecule being set and oriented as described in the previous
frame Oxyz and the electron is put in the pla@xzwith a  section.
velocity vector perpendicular to this plane. It is importantto  We show in Fig. 2 the electronic cloud along with the
determine exactly the velocity of the electron from the valuemotion of the two protons obtained from our classical calcu-
of the H," energy and from the positions of the two protons|ations, indicating the relevance of the present model to rep-
and that of the electron. Then the Hamilton equations argesent the usual electronic density for ag' kholecule.
integrated and the set of the parameters fixing the positions
of the three particles is changed until a large number of vi-
brations of the molecule is obtained. Finally, the parameters
are more accurately adjusted in order to approach the best In order to proceed to the identification of the various
experimental vibration frequency and equilibrium distance ofreaction products, the Hamilton equations for each trajectory
H," [13]. The best agreement with the experimental data idave to be first integrated frof, up to a large distancg,
obtained for the initial position coordinates of the three par{500 a.u) between the center of mass of the molecule and
ticles which are reported in Table I, the energy of the firstthat of the hydrogen target. By varyindR,, from

B. The dynamical H," molecule

C. Exit tests of the Hamilton equation integration
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10 a.u. to 35 a.u., we have found that the value of 25 a.u. isnergy range, some experimental results are availdiidg
appropriate for starting the integration of the Hamilton equa-ut do not allow us, however, detailed comparisons as with
tions; from this distance, the interaction between the molecuthe data of McGrattet al. [10]. Therefore, we have mainly
lar ion H," and the neutral hydrogen atom becomes quitdfocused our attention on the discussion of the CTMC results

negligible. Then the total electronic energlﬁ$ andeMzof  for the 20—100 keV energy range.

the molecules K and H, respectively, and the binding en- A large number of trajectoriesbetween 15000 and
. H ' P_ Y, 9 500 000 according to the enelgwere used in the calcula-
ergiesE,, of each electrore(i=1,2) with respect to each

iPj e tions in order to obtain small statistical errors. We found that

proton P; (J=1,2 for theprojectile andJ=3 for the target  the maximum valud,,,of the impact parameter which con-
are calculated. We have not excluded the possibility that dufgip tes to the total cross-section values of the main reactions
ing the collision each electron can be associated with eithef, ies between 5.6 a.u. at the lowest energies and decreases
the molecular ion or the hydrogen target. This allows US tQ4own to 4.4 a.u. at 100 keV and to 3.5 a.u. at 1000 keV.
identify the various reaction channels. _ The calculated CTMC total cross sections, for each pro-

For example, since a stable moleculg I its ground g ynder investigation, are reported in Table Il and com-
state dissociates for an electronic energy larger =t pared with the experimental data of McGrathal. [10] in
=-1+1/Rpp, the formation of B will occur if only the  rigq 3-8 |n spite of some discrepancies for some individual
inequalities E™2< Ejz, and Ef, >0 (i=1,2) are both ful-  reactions, our CTMC results show an overall agreement with
filled, leading to the identification of the pure capture pro-the experimental data either for the order of magnitude of the
cess. cross sections or their variations with the impact energy. In

In a similar manner, since the,Hmolecule in its ground particular, the relative importance of the various cross sec-

state dissociates fdf(:'é;:—o_5+ 1R p,, the pure breakup tions is well reproduced. As observed experimentally, the
process of the projectile will occur if only the conditions Puré capture and the pure breakup of the molecule are found
EfosEH2 EH g EH <0 EM <0 andEM. =0 to be the dominant processes at low energies and decrease
L diss e T Tdiss Tejuipg < —gpy < &P continuously with increasing energies, when the ionization of
(or Egp, <0 andE,, >0) are all fulfilled (or the other set of  the target and the pure capture dominate at 100 keV. At
conditions obtained by interchanging the indekesd j). higher energies, the CTMC calculations show that the ion-
Finally, when the electronic energy of the,Hmolecule ization of the target remains the dominant process, goes
becomes larger than the Coulomb repulsioﬁtp‘Ll,é,2 between through a maximum at about 125 keV, and then decreases.
the protons, the ionization process of thg"Hnolecule will  Above 150 keV, the pure breakup of the projectile becomes
be identified and tests have to be done also to know whethéhe dominant process after the process of ionization of the
the H target is excited or ionized. All the exit tests to identify target, as well as the processes involving the ionization of the
all the other reactions are easily obtained in a similar manneprojectile. Let us consider now each of the various reaction
If any of the exit tests is fulfilled, or if simultaneously more paths.
than one exit test is fulfilledobviously, one and only one Figure 3 shows the cross sections for the reaction path
reaction is associated with each trajecjotiie integration of  involving the projectile ionizatior{leading to Coulomb ex-
the Hamilton equations for this trajectory has to be continuegblosion with the target being excited or not,
until the new value oRout,_set to twice the previous one, is H,2' +H(1s) — H* +H* +H* +e.
reached. In order to obtain a very small percentage of non-
identified cases with respect to the large number of trajectoit can be seen that the CTMC cross sections are within the
ries used in the CTMC calculations, this procedure is reexperimental error bars except below 50 keV, where the
peated up to five times if necessary. CTMC cross sections are higher. As expected, the ionization
cross sections decrease when the impact energy decreases.
But presently, the CTMC cross sections decrease much too
slowly compared to the experimental ones and exhibit oscil-
In order to compare the CTMC results with the experi-lations up to energies of 400 keV. More experimental mea-
mental data of McGratlet al. [10], the calculations were surements for this reaction are desirable in the low- and high-
mainly performed for impact energies between 20 keV andenergy ranges to test further the CTMC results. For this
100 keV. The calculations were extended to energies dowreaction path, the CTMC calculateddistribution indicates
to 2.5 keV, anticipating more experimental investigations inthat the H target remains in its ground state.
this low-energy range. Moreover, recent CTMC calculations Figure 4 presents the cross sections for the reaction path
have been shown to be quite reliable for predicting singleinvolving the projectile ionizatior{leading to Coulomb ex-
electron capture intal final subshells as well as polarization plosion with target ionization,
of emission lines from these subshells in collisions between + . +
multicharged ions with neutral alkali-metal atoms at low en- Hp"+H(1s) —» H™+ H™+ H™ + Ze.
ergies[14]. Therefore, it would be interesting to check the Here, the agreement is good at low energies, but above
validity of the CTMC method at low energies in the case 0f80 keV the experimental data deviate from the CTMC results
H,"—H(1s) collisions. The CTMC calculations were also ex- and indicate saturation when the CTMC cross sections con-
tended up to 1000 keV since the CTMC method is usuallytinue to increase up to a maximum at 300 keV. Such a satu-
expected be quite accurate at high energies. In this highation for ionization processes, which occurs at relatively

Ill. RESULTS AND DISCUSSION
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TABLE II. CTMC calculated cross sections for the various reaction char(asléndicated in the tablevhich may occur in collisions
between H" and H1s) versus the collision energy.

Energy and target Pure breakup of the

Projectile
ionization

Cross section$x 10716 cnd)

Target

Target ionization ionization and

and projectile projectile  Projectile and target
(keV)  excitation projectile Pure capture Dissociative capture excitation fragmentation ionization
25 0.302+£0.024 2.250+0.062 3.131+£0.071 0.217+£0.020 0.228+0.020 0.064+£0.011 0.0018+0.0018
5 0.246+0.020 2.022+0.057 3.189+0.067 0.243+0.019 0.235+0.019  0.038+0.008 0
10 0.239+0.018 1.732+0.047 3.158+0.062 0.232+0.018 0.402+0.023  0.095+0.011 0.0014+0.0014
15 0.216+0.018 1.691+0.048 3.193+£0.064 0.211+£0.017 0.455+£0.025 0.112+0.013 0
20 0.259+0.017 1.456+0.040 3.290+0.057 0.235+0.017 0.525+0.024  0.144+0.013 0.0011+0.0011
30 0.251+0.017 1.275+0.037 3.151+0.056 0.253+0.017 0.792+0.030  0.187+0.015 0.0046+0.0023
40 0.290+0.016 1.141+0.031 2.867+0.047 0.250+0.015 0.959+0.029  0.267+0.015 0.012+0.003
50 0.283+0.015 0.875+0.026 2.690+0.043 0.239+0.014 1.162+0.029  0.315+0.016 0.024+0.004
60 0.281+0.013 0.840+0.023 2.323+0.037 0.222+0.012 1.286+0.028  0.344+0.015 0.032+0.005
70 0.349+0.014 0.749+0.020 1.907+0.032 0.210+0.011 1.417+0.028 0.393+0.015 0.048+0.005
80 0.364+0.013 0.662+0.018 1.630+0.027 0.196+0.010 1.559+0.026 0.406+0.014 0.074+0.006
90 0.310+0.011 0.589+0.015 1.451+0.024 0.163+0.008 1.678%0.025 0.427+0.013 0.076+0.006
100 0.284+0.010 0.545+0.013 1.200+0.020 0.160+0.007 1.734%0.023 0.423+0.012 0.092+0.006
125 0.327+0.006 0.504+0.007 0.737+0.009 0.1005+0.0033 1.775+0.013 0.443+0.007 0.138+0.004
150 0.313+0.010 0.482+0.013 0.493+0.013 0.0693+0.0049 1.752+0.023 0.432+£0.012 0.173+0.008
200 0.264+0.009 0.444+0.012 0.224+0.009 0.0293+0.0032 1.628+0.022 0.359+0.011 0.197+0.009
300 0.184+0.006 0.340+0.008 0.069+0.004 0.0060+£0.0011 1.351+0.016 0.271+£0.007 0.212+0.007
400 0.208+0.006 0.331+0.007 0.0269+0.0021 0.00164+0.00052 1.084+0.013 0.175+0.005 0.186+0.006
500 0.195+0.005 0.298+0.006 0.0110+£0.0012 0.00070%0.00031 0.963+£0.011 0.129+0.004 0.155+0.005
750 0.166+0.003 0.260+0.004 0.0035+0.0005 0.00015+0.00010 0.755+0.007  0.091+0.003 0.127+0.003
1000 0.137%0.003 0.202+0.003 0.0014+0.0003 0.00005+0.00005 0.626+0.006  0.067+0.002 0.104+0.002
0.5 T T .
o2} } $ .
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FIG. 3. Cross sections for projectile ionization with the target

being excited or not. Open circles: McGrath dgté]. Full circles:

present CTMC results.

FIG. 4. Cross sections for target and projectile ionization. Open
circles: McGrath dat&10]. Full circles: present CTMC results.
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present CTMC results. CTMC results.

Figure 5 shows the cross sections for the reaction patQown to about 60%. Tha=1,2 states have the same popu-
mvolvmg the target ionization with the projectile being ex- |ation (38%) at an energy of about 600 keV. At 1000 keV,
cited or not, the population of the=2 state increases up to 40% and the

H," +H(1ls) — H," + H* +e. population of then=1 state decreases to 30%, indicating that
. _ ‘the excitation of higher states of H becomes significant.
The CTMC results are in good agreement with the experi- \We present in Fig. 7 the cross sections for the reaction

mental data over all the energy range. As expected, bothath leading to a pure breakup of the projectile with the H
measurements and CTMC calculations agree to find an inarget being excited or not,

crease of the cross sections with increasing energy, but more
measurements are needed to verify the maximum in the H," +H(ls) = H " +H* +H* .
CTMC cross sections at 125 keV.

Figure 6 shows the cross sections for the reaction patfihe agreement is found to be very good above 50 keV but
leading to the target ionization with fragmentation of thethe CTMC results are slightly underestimated at low energy.
projectile Possibly, the change of the detector in the experimental work

Hyt + H(19) — H* +H + H' +e. for the two Iowe_st energies con'Frit?utes to increase a little bit

more the experimental uncertainties. Another source of un-

For low impact energies and up to about 50—60 keV, thecertainty could also arise from the fact that the molecular ion
CTMC results are in good agreement with the experimentalised in the experimental work can be highly vibrationally
data, but at higher energies the experimental data indicate excited and therefore favors the dissociative channels at low
broad maximum which appears at about 125 keV in theenergy[16].
CTMC calculations. As the experimental data for target ion- Our calculations indicate that for this reaction path, the
ization, without fragmentation or ionization of the projectile, pairs of stategn;,n,) for H* (ny) and Hn,) produced are
are well reproduced by our CTMC resultsee Fig. 5 the  mainly (1,1) for about 63% at the lowest energy, decreasing
discrepancy observed at high energies is possibly due to &n about 46% at 100 keV and 28% at 1000 keV; then the pair
overestimation of the projectile fragmentation in the CTMC(2,1) contributes to the pure breakup for about a constant
calculations. However, this would have been more underpercentage of 23% up to 100 keV and then increases to about
standable at low energies since then the collision proceed#% at 1000 keV. At the highest energies, the pairs of states
over a larger time and possibly the,Hmolecule might dis- (1,2), (2,1), and(3,1) contribute also to the reaction for a few
sociate before undergoing a collision with the H target. How-percents. In particular, we have found that the contribution of
ever, we have discarded this possibility since no dissociatiothe (1,2) pair reaches only 8% at 125 keV and decreases to
of the molecular ion is observed after integration of the3% at 1000 keV, contrary to the assertion of McCarteey
Hamilton equations with the 1 projectile and H target be- al. [16], based on the Bethe-Born calculations of PEEK,
ing uncoupled. that mainly the H target excited in thg=2 state contributes

For this reaction path, the CTMC calculations indicateto the pure breakup for energies above about 40 keV. Our
that the fast M fragments are mainly in the ground state calculations demonstrate that, in all the energy range, the
(about 97% at the lowest energy, with also a small popula- excited states of the H target play a minor role in the pure
tion of the n=2 state which increases up to about 30% atbreakup of the_ H" projectile, when the excited states of fast
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FIG. 7. Cross sections for pure breakup of the projectile. Open

. . FIG. 8. Cross sections for the sum of the pure and dissociative
circles: McGrath dat@10]. Full circles: present CTMC results.

capturegpc+dg. Open circles: McGrath dafd 0], open triangles:
Sweetman dat@l5], and full squares: present CTMC results. The
H* produced have a significant contribution. In another con-CTMC results for the pure captukgc) alone are also reported in
nection, it is interesting to notice that our calculations indi-the figure (open squargsto show the small contribution of the
cate that the H target remains in its ground state for mordlissociative capture. In this figure, thg error bars for the CTMC
than 85%, in all the energy range, for the reaction path leadalues are of the order of the symbol size.
ing to elastic scattering or excitatidiprojectile or/and tar-
ged. of about 5< 10716 cn?; at high energies, the CTMC cross
Finally, for comparison with the experimental data, weSections are clearly overestimated. These discrepancies be-
present in Fig. 8 the sum of the cross sections for the puréveen the CTMC results and the unified cross-section scaling
capture and the dissociative capture, of JaneV{18] may be due to the influence of the structure of
the ionic projectile, in particular at low energies, since the
impact parameters which contribute to the cross-section val-
ues are always less than about 4 a.u. At high energies, the
influence of the molecular structure of the projectile is more
difficult to appreciate since the collisions become sudden and
Once again, the CTMC calculations reproduce quite well thehe impact parameters contributing to the values of the cross
measurements at high energies but underestimate the crassctions are smaller.
sections below 50 keV. This discrepancy between experi- In order to test further our calculations, we compare in
ment and theory at low energies can be attributed to an urfFig. 9 the CTMC calculated cross sections for total produc-
derestimation of the pure capture process since, as it may hin of fast protons with those measured by McCI{it®]
seen in the figure and Table I, the CTMC calculations indi-and the ones extracted from the partial cross sections of
cate that the contribution of the dissociative capture is negMcGrathet al.[10]. One can observe that all the sets of data
ligible in all the energy range, as suggested by McGeith are in good agreement in the 10—100 keV energy range.
al. [10]. We have also reported in Fig. 8 the experimentalHowever, the CTMC cross sections increase continuously
data of Sweetmafil5] obtained in the 100—780 keV energy when the impact energy decreases, contrary to the experi-
range, which show an overestimation of the cross sections byental cross sections of McClurgl9], which decrease
the CTMC method at high energies. It is worthwhile to no-quickly below 10 keV. At 2.5 keV, the discrepancy is about
tice, however, that the experimental value of Sweetfd&h  a factor of 2. This discrepancy is not yet clearly understood
at 100 keV is smaller than the measurement of McGeith and needs more experimental investigations. We report also
al. [10] at 100 keV by a factor of about 1.75, indicating a in Fig. 9 the measurements of Sweetn{dss], which are
possible normalization problem in the experiment; moreoverseen to be smaller than the CTMC values, but also smaller
Sweetman has found that about 70% of the capture processg®n the experimental value of McGratst al. [10] at
result in the dissociation of 4l contrary to the CTMC cal- 100 keV, indicating again a possible problem of normaliza-
culations as discussed above. Finally, it is interesting to notion in the experiment, as noticed above for the capture pro-
tice that our CTMC cross sections follow on the whole thecesses.
unified cross-section scaling of Jangh8] for electron cap- Finally, we report in Fig. 10 the CTMC ratio of total
ture from excited hydrogen atoms by multicharged atomigoroduction of two fast_H fragments over the total produc-
ions. The CTMC cross sections for the capture processeson of only one fast_H fragment. There are compared with
take an almost constant value of about:8071® cn? below  those obtained experimentally by McCartneyal. [16] in
30 keV when the scaled cross sections go to a constant valuge range 50—100 keV, and from the experimental data of

H,"+ H(1) — Hy + H",

Hy' +H(19) = H* +H* +H".
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FIG. 9. Cross sections for total production of fastiens. Open FIG. 10. FastH*+H")/H* fragmentation ratio for 5 projec-

circles, McGrath dat§10]; crosses, McClure datgl9]; open tri-  tile ions in collision with H1s), see text. The full squares are the
angles, Sweetman dafd5]; and full squares, present CTMC CTMC results which are compared with the measurements of Mc-
results. Cartneyet al. [16] (open squaresdone in coincidence with the
production of slow H. The full circles are the CTMC results which
McGrathet al.[10] at 40 keV. The agreement is quite good. are compared with the noncoincidence measurements of McCartney
We compare also in the same figure the CTMC ratio of twott @- [16]- The figure has been enlarged in the 40-100 keV energy
fast H* production over one fast Hproduction in coinci- range to show more clearly the comparisons with the experimental
dence with the production of one slow'Kionization of the data.
targe) with those obtained experimentally by McCartrety ) ) . .
al. [16] and, at 40 keV, from the data of McGragh al. [10] usgd in CTMC cglculatlon for _analyzmg collisions between
(it has to be noted that in the 50—100 keV energy range, thElz Projectiles with H targets in the 2.5-1000 keV energy
ratios obtained from the data of McGragh al. [10], in co-  range. The cross sections for several reaction channels have
incidence or not, are quite compatible with those of McCart-Peen determined and compared with experimental data. The
ney et al. [16], but with larger error bars since they are de- fair overall agreement observed between experimental data
termined from the individual cross Secti()ng\low the and CTMC results allows us to be confident in this classical
agreement between CTMC calculations and the experimentgimulation of a dynamical molecule. However, more experi-
data obtained in coincidence measurements is seen to be véRgntal works at low energies, and also at high energies, are
good over all the energy range, in spite of the discrepanciegeeded to test further the validity of the CTMC method.
observed at high energies between experiment and theory f&xtension of this work to the analysis of the energy and the
the individual cross sectior(see Figs. 4 and)6Finally, Fig. ~ angular direction of the fragments produced would be useful
10 indicates clearly that, in all the energy range, the producto get some insights into the physics of the various collision
tion of one fast proton is always larger than the production ofProcesses. It would be interesting also to simulate the H
two fast protons but tends to equilibrium at high energies. molecular ion in the first excited vibration levels in order to
see their role during the collision. We have also been able to
describe a dynamical Hmolecule in its first vibration(v
=0) ground-state. Presently, work is in progress for studying
We have shown that a dynamical classical representatiofPllisions of multiply charged ion projectiles with;Hargets
of the H," molecular ion is feasible without invoking any in order to analyze the fragments produced in various reac-
non-Coulomb model potential. When using pure CoulombHOns.
interactions between the particles, it is a careful determina-
tion of the initial positions and momenta of the particles,
along with an accurate integration of the Hamilton equations, CTMC calculations were performed at CEA Saclay on
which prevents dissociation or autoionization of the mol-Fujitsu VPP5000 and NEC SX6 computers under Contract
ecule. This classical description of the molecule has beehlo. P65.

IV. CONCLUSION
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