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Theoretical and experimental studies of the H¿-N2 system: Differential cross sections for direct and
charge-transfer scattering at kilo-electron-volt energies
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Differential direct and charge-transfer scattering cross sections are calculated for collisions of H1 with N2

using the electron nuclear dynamics formalism. The calculated cross sections are compared to direct scattering
measurements which are also reported here and to the experimental charge transfer data of Gaoet al. @R. S.
Gao, L. K. Johnson, C. L. Hakes, K. A. Smith, and R. F. Stebbings, Phys. Rev. A41, 5929 ~1990!#. Cross
sections are presented for projectile energies of 0.5, 1.5, and 5.0 keV and scattering angles of 0.01 ° to 10 °.
The differential cross section reveals considerable structure over this angular range which is a consequence of
small angle quantum interference and the glory and rainbow effects. For the case of charge transfer, we find
that at least 90% of charge transfer events result in the hydrogen atom leaving the system in the H(1s) state.
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I. INTRODUCTION

The understanding of collision processes is of fundam
tal importance in many areas including fusion plasmas,
discharge lasers, semiconductor plasma etching, planetar
mospheres and the interstellar medium. Differential scat
ing in ion-atom and ion-molecule collisions may be used
probe the basic interactions, potentials, and dynamical p
erties of the interacting system. Two of the most importan
these ion-molecule processes are direct scattering, in w
the charge state of the projectile does not change, and ch
transfer~or electron capture!. A full description of an ion-
molecule collision system must take account of the dynam
of the electrons and nuclei and requires that both direct s
tering and charge-transfer scattering be incorporated.

The H1-N2 collision system considered here, which h
particular relevance to models of proton auroral precipitat
into the Earth’s upper atmosphere@1#, has been subject to
limited number of prior theoretical and experimental studi
Moore @2# studied vibrational excitation of the N2 target,
Birely @3# and Lavrovet al. @4# studied formation of excited
N2

1(B) charge transfer products, Loyd and Dawson@5# mea-
sured the cross section for formation of H(3s) and H(4s)
excited neutral products, and Lee and Lin@6# measured the
Balmer-series radiation produced by such collisions. O
two prior H1-N2 differential scattering experiments hav
been reported. This is typical for ion-molecule syste
which have received much less attention than ion-atom
tems @7#. Quintanaet al. @8# carried out a charge transfe
study for proton energies of 0.5 to 3.0 keV and found that
H(1s)1N2

1(X) channel dominates this process only at sm
angles. Gaoet al. @9# measured the H1-N2 charge transfer
differential cross section with high angular resolution for 0
1.5, and 5.0 keV protons. No prior measurements of the
rect scattering cross section have been made.

In this work, we provide calculations of the direct scatt
1050-2947/2002/66~4!/042712~7!/$20.00 66 0427
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ing and charge transfer cross sections for protons collid
with molecular nitrogen, as well as new experimental dir
scattering measurements.

II. THEORETICAL SURVEY

A. Electron-nuclear dynamics

Our approach for studying the time dependence of a s
tering process between a projectile and a molecular targ
based on the application of the time-dependent variatio
principle ~TDVP! @10#, where the wave function is describe
in a coherent state representation. As the details of
electron nuclear dynamics~END! method have been reporte
elsewhere@11–13#, only a brief summary of the basic fea
tures of the theory is given here.

The TDVP requires that the quantum mechanical actio

A5E ^cu i
]

]t
2Huc&

^cuc&
dt ~1!

should be stationary.
Application of the variational principle yields the time

dependent Schro¨dinger equation when variations of the wav
function uc& over the entire state space are performed. Va
tion over a subspace yields the TDVP approximation of
Schrödinger equation for the time evolution over that su
space. We parametrize the wave function as a coherent
manifold, which leads to a system of Hamilton’s equations
motion @11#. The variational wave functionuc&, is a molecu-
lar coherent state where the electronic and nuclear degre
freedom are coupled. The END total wave function can
expressed as

uc&5uz,R,P&uR,P&, ~2!
©2002 The American Physical Society12-1
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whereuz,R,P& anduR,P& are the electronic and nuclear wav
function, respectively. HereR and P are 3N dimensional
arrays of the positions and momenta of allN nuclei andz is
the time-dependent coefficient matrix that describes the e
tronic dynamics~see below!.

The simplest level of the END approach employs a sin
spin unrestricted electronic determinant

uz,R,P&5det$x i~xj ,z,R,P!%, ~3!

wherexj is the space-spin coordinate of electronj. The de-
terminantal wave function is built from nonorthogonal d
namical spin orbitals

x i5f i1 (
j 5N11

K

f j zj i , i 51,2, . . . ,N, ~4!

which, in turn, are expressed in terms of a basis of ato
spin orbitals$f i% of rank K, centered on the average pos
tionsRk of the participating atomic nuclei and moving with
momentumPk . This representation takes into account t
momentum of the electron explicitly through the electr
translation factors~ETF! @14#, which are required as the pro
jectile energy reaches the ionization threshold. The partic
form of parametrization ofuz,R,P& with complex, time de-
pendent coefficientszji is due to Thouless@15#, and is an
example of a so called generalized coherent state@16#.

The nuclear part of the wave functionuR,P& is repre-
sented by localized Gaussians or, in the narrow wave-pa
limit, by classical trajectories (Rk ,Pk).

The resulting END equations are expressed in ma
form as@11#

S iC 0 iCR iCP

0 2 iC* 2 iCR* 2 iCP*

iCR
† 2 iCR

T CRR 2I1CRP

iCP
† 2 iCP

T I1CRP CPP

D S ż

ż*

Ṙ

Ṗ

D
5S ]E/]z*

]E/]z

]E/]R

]E/]P
D , ~5!

where

E5(
k

Pk
2

2Mk
1

^z,RuHeluR,z&

^z,RuR,z&
~6!

is the total energy of the system andHel is the electronic
Hamiltonian which contains the nuclear-nuclear repuls
terms. The nonadiabatic coupling matrix terms, the C’s,
tween the electronic and nuclear dynamics are expresse
terms of the elements of the dynamical metric on the left
particular,
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C5
]2 ln S~z* ,R,P,z,R8,P8!

]z* ]z
U

R85R,P5P8

, ~7!

CR5
]2 ln S~z* ,R,P,z,R8,P8!

]z* ]R8
U

R85R,P5P8

, ~8!

CRR522 Im
]2 ln S~z* ,R,P,z,R8,P8!

]R]R8
U

R85R,P5P8

, ~9!

with similar definitions forCRP , CP , and CPP . Here, C
describes the nonadiabatic coupling between the electr
degrees of freedom,CR represents the nonadiabatic couplin
of the electronic and nuclear degrees of freedom,CP repre-
sents the nonadiabatic coupling of the electronic and nu
momentum degrees of freedom and so on. These coup
terms are defined in terms of the overla
S(z* ,R,P,z,R8,P8)5^z,R8,P8uz,R,P& of the determinantal
states of two different nuclear configurations. When the
fects of the electron translations factors are neglected, th
sets of equation reduce to a simple form@17# with a purely
classical equation of motion for the nuclear positions.

The END method has been implemented in the ENDy
program package@18# and its detailed theoretical foundation
are given in Ref.@11#. Before presenting the details of th
calculation for the H11N2 system we will describe how the
differential cross section is obtained.

B. Direct differential cross section

Since the simplest level of END is based on the narr
width limit of the nuclear wave packets, it requires semicla
sical corrections for the scattering process. We have im
mented@19# the Schiff approximation@20# for small scatter-
ing angles which takes into account the quantum effects
the forward scattering. The advantage of using the Sc
approximation over some other semiclassical correcti
~e.g., the Airy or uniform approximation! is that it includes
all the terms of the Born series and treats the rainbow
glory angles in a single approach without requiring the se
ration into different scattering regions. The differential cro
section is given by

ds

dV
5

kf

ki
u f ~u!u2, ~10!

with

f ~u!5 ik iE
0

`

@12exp„2id~b!…#J0~qb!bdb, ~11!

wheredd(b)/db5kiQ(b)/2. Hered(b) is the phase shift,
Q(b) is the deflection function, such thatu5uQu for the
scattering angle,q5uk f2k i u, J0(x) is the Bessel function
of order zero, andk i and k f are the initial and final wave
vectors of the projectile, respectively.
2-2
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In standard scattering theory, the phase shiftd(b) is de-
termined through the interaction potentialV(r ), wherer is
the projectile-target distance, thus requiring an analysis
the potential energy surface in a time-independent theory
our case, we determine the phase shift at the end of
time-dependent collisions, by means of the deflection fu
tion for the projectile trajectory,Q5arccos(k f•k i /kfki),
thus, incorporating dynamical effects, such as electr
nuclear coupling and charge transfer that occur during
collision. The deflection function therefore becomes the s
nature of the projectile-target collision and determines
shape of the differential cross section.

C. Charge transfer differential cross section

For the charge transfer process, the END model de
mines the final projectile charge state through the Mullik
population analysis@21–24#.

In the linear combination of atomic orbitals method f
electronic structure such as END, each electron in the sys
is described by a spin orbital

x i~x!5(
k

ck iuk~x! ~12!

as a sum over atomic basis orbitalsuk(x). The total electron
charge density is then

r~x!5(
spin

(
k,l

(
i 51

N

ck icl i* uk~x!ul* ~x! . ~13!

Integration of the charge density over all space yields
number of electronsN5(AnA , where the electron popula
tion on an atomA is defined as

nA5 (
kPA

(
l

(
i 51

N

ck icl i* ~dlk1Slk! ~14!

with metric integrals (dlk1Slk)5(uluuk), whereSll50.
This is a good measure of the electronic atomic charge~prob-
ability! when the atoms are far apart, but is less meaning
when they strongly interact as this definition divides t
overlap contributions equally between the two atoms
volved. From the final number of electrons associated w
atom A and the initial number of electrons, one determin
the electron capture probabilityPe(b), as a function of the
impact parameter, or the scattering angle through the de
tion functionQ(b).

From the electron transfer probability, we calculate t
electron transfer differential cross section as

ds tr

dV
5

kf

ki
Pe~u!u f ~u!u2 ~15!

for each orientation. Finally, we average over all the tar
orientations.
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of
In
he
-

-
e
-
e

r-
n

m

e

ul

-
h
s

c-

e

t

D. Details of calculations

In order to perform the time-dependent analysis of
collision, the END approach requires the specification of i
tial conditions of the system under consideration. In Fig.
we show a schematic representation of the projectile-ta
arrangement. The initial projectile velocity is set parallel
the z axis and directed towards the stationary target with
impact parameter,b. In the case of atomic projectiles, as
this case, we need to consider the initial orientations of o
the target. The target center of mass is initially placed at
origin of a Cartesian laboratory coordinate system and
orientation is specified by the anglesa and b. For homo-
nuclear diatomic molecules, we consider a minimum of th
initial orientations of the target with respect to the directi
of the incoming beam. These orientations yield a coarse
of grid points for rotational averaging. The three basic tar
orientations place the molecular bond along thex, y, andz
axis. We will label these three orientations I (a50,b50),
for the molecular bond aligned parallel to the incomi
beam; II (a590,b50), for the molecular bond perpendicu
lar to the beam, but with the impact parameter measu
along the bond; and III (a590,b590) for the molecular
bond perpendicular to the beam, as well as the impact
rameter direction.

We perform the rotational average of a target propertg
as described in@25#. For the particular case of three orient
tions one obtains that

ḡ5
1

p
@~p22!gI1~gII1gIII !#, ~16!

wheregi is the property of interest at orientationi.
The only limitation of the END approach, as in any oth

quantum chemistry treatment, is the restriction of a trunca
Gaussian basis set used to describe the atomic orbitals$w i%.
Although continuum wave functions and ionization can

FIG. 1. Schematic representation of the initial conditions of
projectile-target system as required by the END approach.
2-3
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FIG. 2. Schematic of the scattering apparatu
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described with Gaussian functions, due to their expens
nature and their small contribution at these energies, we
not include the ionization channel in this work.

The molecular target is initially in its electronic groun
state (1Sg

1) and equilibrium geometry as computed in t
given basis at the SCF level. The basis functions used for
atomic orbital expansion are derived from those optimiz
by Dunning@26,27#. For the hydrogen atomic structure, th
basis set consists of@5s2p/5s2p# with the addition of a
diffuse s and p orbital for a better description of the lon
range interaction. For the N2, the basis set consist o
@9s5p1d/3s2p1d# for each nitrogen atom. Thus, in the s
permolecule description, these basis set give us a ranK
535 for each electron orN3K5490 different time depen
dentzi j ’s Thouless coefficients to describe the electronic
namics. We assign values to the impact parameter from
to 15.0 a.u. which we separate in three regions. For c
collisions, from 0.0 to 6.0 a.u., we use steps of 0.1 a.u.
the intermediate region, from 6.0 to 10.0 a.u., we use step
0.5 a.u., and forb.10.0, we use steps of 1.0. This give us
fully dynamical trajectories for each target orientation a
projectile energy.

The projectile starts 30 a.u. from the target, and the
jectory is evolved until the projectile is 30 a.u. past the t
get, or until there are no longer changes in the energy, ve
ity or charge of the projectile. Thus, after the dynamics
performed for each trajectory, one obtains the total wa
function, the nuclei positions and momenta and therefo
one is able to calculate the deflection functionQ and elec-
tronic properties, e.g., charge transfer and energy loss.

III. EXPERIMENTAL APPROACH

The apparatuses employed for the present direct scatte
measurements and for the earlier charge transfer mea
ments reported by Gaoet al. @9# are very similar and may be
represented schematically by Fig. 2. Both apparatuses
the techniques used have been described in detail previo
@1,9,28# and are only discussed briefly here.1 Ions are ex-
tracted from a low-pressure plasma-type ion source cont
ing hydrogen, accelerated to the desired energy and foc

1Note that the numerical values quoted are specific to the di
scattering apparatus.
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by an electrostatic lens. Two confocal 60 ° sector magn
are used to select ions of the desired mass-to-charge r
Ions passing through a pair of laser drilled apertures form
beam with an angular divergence of approximately 0.02
This collimated proton beam passes through a short ta
cell and impacts a position-sensitive detector~PSD! @29#,
located 26 cm beyond the target cell. The PSD serves
measure the flux of ions passing through the target cell
to measure the flux and positions of impact of scattered pr
uct species. An electric field established between a pai
deflection plates located between the target cell and the P
is used to prevent ions from striking the PSD when requir

In order to measure the differential charge-transfer cr
section, N2 is admitted to the target cell and the angles
scatter of the neutral H atoms, formed by charge transfe
the primary H1 ions, are determined from their positions
impact on the PSD. Unscattered primary H1 ions are nor-
mally deflected from the PSD but are allowed to impac
periodically to assess the primary beam flux. These meas
ments, together with the target number density, obtai
from the target gas pressure, and target length are suffic
to determine the absolute differential cross section.

A full account of the procedure for determining dire
scattering differential cross sections has been given by N
manet al. @30#. Both the primary beam and scattered produ
species are allowed to impact the PSD. Essentially, the
mary beam flux is the total flux of particles impacting th
detector, while the flux of particles scattered at any angleu is
simply the flux of particles impacting an annular ring at th
angle. In the present study the situation is more complex t
this because, in addition to the primary and scattered1

ions, fast neutral H charge transfer products are also
tected. It is therefore necessary to conduct an additional m
surement to assess the number of H atoms produced
subtract this H atom signal from the total scattering signa
arrive at the scattered H1 signal. As the charge transfer an
direct scattering cross sections are comparable this proce
renders the H1 direct scattering cross section more susc
tible to systematic errors resulting in larger overall uncerta
ties than for the charge transfer measurements.

IV. RESULTS

A. Deflection function

As stated in Sec. II B, we require the deflection functi
to calculate the differential cross section. In Fig. 3, we sh

ct
2-4
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the deflection function for H1 colliding with molecular ni-
trogen at 0.5 keV for the three different target orientatio
For orientation I, the scattering angle shows a similar beh
ior to the atomic case, that is, at small impact parameters
projectile experiences backward scattering as a consequ
of the collision between the projectile and nitrogen
~head-on collisions! ~see Fig. 1!. Atom C only produces a
small perturbation on the projectile trajectory after the p
jectile has interacted with atom B. For this orientation, t
deflection function shows a glory angle (Qg50) for an im-
pact parameter ofbg51.9 a.u. and a rainbow angl
(dQ r /db50) for br52.8 a.u., withQ r521.05 °.

For orientation II, with the projectile impact paramet
along the molecular bond, we note the following interest
effect. Forb,1.019 a.u. which corresponds to impact p
rameters inside the molecular bond, the projectile is repe
as it gets closer to atom B. But as it does, the diatom
molecule rotates due to the interaction~rovibrational excita-
tions!. This produces a set of trajectories with the projec
colliding with atom B, then getting scattered at an angle t
makes it collide with atom C and leave the system with
different scattering angle. This type of collision, produce
narrow dip in the deflection function forb;0.9 whereQ
dips from 50 ° to less than 5 °. Forb51.019 a.u. we have a
head-on collision with atom B and for larger impact para
eters we a have repulsive interaction untilb52.8 a.u. where
a glory occurs. Forb53.6 a.u. we find a rainbow angle a
Q r520.76 °.

For orientation III, with impact parameter perpendicu
to the bond, we note from Fig. 3, that as the projec
moves, it is attracted at large impact parameters~long range
interaction! and repelled at small impact parameters wh
the projectile has penetrated part of the target electro
cloud. In this orientation we have two rainbows: one atb
50.55 a.u. withQ r53.62 ° and the second atb52.6 a.u.
with Q r520.59 °. A glory angle occurs atb51.9 °. Thus,
the behavior of the deflection functions shown in Fig. 3 ar

FIG. 3. Deflection functionQ(b) for H1 colliding with N2 at
0.5 keV for the three different target orientations.
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result of the dynamical interaction of the projectile and t
molecular target, and do not represent a clamped target a
a stationary analysis.

We need to stress here that the deflection function
cussed above is for all scattering processes, i.e., it inclu
all scattered projectiles independent of their charge state

B. Direct differential cross section

We use the results for the dynamical deflection function
conjunction with the Schiff approximation@see Eq.~11!# to
obtain the direct differential cross section. For this, from E
~11! we obtain the total differential cross section and t
charge transfer differential cross section and subtract th
This produces the differential cross section for H1, i.e., the
direct differential cross section.

Figure 4 shows the calculated absolute direct differen
cross section compared with our experimental results.
note that the use of the Schiff approximation gives the c
rect result for small angle scattering. We see more struc
in the theoretical results than in their experimental coun
part. One reason for this is the coarse grid used for the ta
rotational average. For low energies, we note a large bum
the direct differential cross section foru;0.6 ° which is a
consequence of the rainbow scattering discussed in
IV A.

C. Charge transfer differential cross section

The charge transfer cross section is determined using
~15!. In Fig. 5, we show the probability for electron captu
by the proton projectile averaged over different target ori
tations for electron capture by the proton projectile,^Pe(u)&,
as a function of the scattering angleu. Several instances o
rainbow scattering can be clearly seen. For 0.5 keV the cu

FIG. 4. Absolute direct differential cross section for proto
colliding with molecular nitrogen for projectile energies of 0.5, 1
and 5.0 keV. The solid line represents our theoretical work and
circles with error bars are our experimental results. Note that,
clarity, the data are shown on different scales.
2-5
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shows this effect atu;0.6 °. For 1.5 keV we see it atu
;0.3 ° andu;1.05 °. For 5.0 keV, we see it atu;0.04 °
and u;0.5 °. Thus, the higher the energy, the smaller
rainbow angle, and the larger the electron capture proba
ity.

The calculated charge transfer differential cross secti
are shown in Fig. 6. These data are based on the Mulli
population~see Sec. II C! and therefore do not include inte
ference effects for the probability amplitude. The experim
tal data from Gaoet al. @9#, for the three energies and from
Quintanaet al. @8# for 0.5 keV, are shown for comparison.

FIG. 5. Electron capture probability averaged over different t
get orientations for protons colliding with molecular nitrogen as
function of the scattering angle for the projectile energies indica

FIG. 6. Charge transfer differential cross section for proto
colliding with molecular nitrogen for projectile energies indicate
The solid lines are the results for capture into all projectile sta
The dashed lines, which closely follow the solid lines, are the
sults for electron capture into the H(1s) state only~see text!. The
experimental data are froms, Gao et al. @9# and 3, Quintana
et al. @8#. Note that, for clarity, the data are shown on differe
scales.
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In Fig. 6 we also show the H(1s) capture contribution to
the charge transfer differential cross section obtained thro
Eq. ~15! by projecting the final projectile wave function int
the 1s state of the projectile in the prescribed basis set.
previously found experimentally by Quintanaet al. @8#, the
neutralized projectile is almost entirely in the ground st
for the angular region considered here, i.e., small ang
However, at the highest energy studied, 5.0 keV, exci
states start to become populated and contribute significa
to scattering at the larger angles.

At high energies, where the quantum interference effe
are small, the agreement between theory and experime
fairly good. For lower projectile energies quantum effec
become important as shown by the 0.5 keV curve. This
ference is the result of neglecting the interference effect
the scattering amplitude, as assumed in Eq.~15!. A more
proper description incorporates the probability amplitude
charge exchange. This is work in progress. In general,
theoretical curves follow the trend of the experimental da
giving us confidence in the dynamical description for t
electron transfer process presented here.

D. Integral cross section

Integration of the electron transfer differential cross s
tion over the scattering angles gives the integral elect
transfer cross section. In Table I we present the results
tained with the END method and compare with the expe
mental data obtained by Gaoet al. @9#.

For the case of the direct differential cross section,
note that integrating over the experimental range gives a t
cross section within 10% of the experimental value for lo
energies. The same trend is observed for the total elec
capture cross section~exchange!. However, the larger energ
shows a greater discrepancy, the reason being the openin
the ionization channel and the lack of continuum states
our theoretical description.

V. CONCLUSIONS

Characterization of the dynamics in the collision of pr
tons colliding with molecular nitrogen is carried out expe

TABLE I. Integral direct and charge-transfer cross sections
H1→N2 as obtained by the END method and by experiment. T
direct scattering measurements are the present results and
charge transfer measurements~a! are from Ref.@9#. Note also the
results for the capture cross section into the 1s state of a hydrogen
projectile.

Angular s (10216 cm2)

Energy range END theory Experiment

H1→N2 ~keV! ~deg! H(1s) Total

Transfer 0.5 0.0121.0 ° 4.17~97%! 4.30 2.5a

1.5 0.0121.0 ° 8.21~95%! 8.67 8.1a

5.0 0.0121.0 ° 7.00~89%! 7.87 11.0a

Direct 0.5 0.1125.1 ° 24.12 21.8 63.3
1.5 0.1125.1 ° 9.78 9.3 61.4
5.0 0.2625.1 ° 0.62 1.28 60.13

-

d.

s
.
s.
-

2-6



w
a

y
er
s
e
t i
er
re
0

ing

to

4-
-

THEOERTICAL AND EXPERIMENTAL STUDIES OF THE . . . PHYSICAL REVIEW A 66, 042712 ~2002!
mentally and theoretically. For the theoretical analysis
use the electron-nuclear dynamics approach to approxim
the time-dependent Schro¨dinger equation. We show that b
using the Schiff approximation to include quantum interf
ence effects in the description of the direct differential cro
section, and by using the deflection function obtain
through the dynamical END formalism, good agreemen
obtained between theory and experiment. Good gen
agreement is also obtained for the electron transfer diffe
tial and total cross sections, where we find that at least 9
.
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of charge transfer events result in the hydrogen atom leav
the system in the H(1s) state.
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