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Measurements are reported of the cross sections for collisional destruction (single- and double-
electron loss) of H™ and for its formation through single- and double-electron capture by H and HY,
respectively. Three different targets were employed (He, Ne, and Ar) and the velocity (in a.u.) of the
projectiles was 2.4 <v <12.6 for H" and 4 <v <9 for H and H™~. The charge states emerging from
the target were simultaneously detected and the data were analyzed by the growth rate and attenua-
tion methods from which individual cross sections could be deduced. Special attention was paid to
the double-capture process in Ar where a very pronounced shell effect was firmly established on ex-
perimental grounds and was successfully described by theoretical estimates based on independent-
electron probabilities of capture and simple scaling rules. Difficulties for obtaining an overall descrip-
tion of the cross sections for either destruction or formation of H™ based on simple models are dis-

cussed.

I. INTRODUCTION

The negative ion of hydrogen is a weakly bound system
characterized by an electron affinity of 0.755 eV. This ion
can be formed in collisions involving hydrogen species as
projectiles either through single-electron capture (SEC) by
neutral atoms or through double-electron capture (DEC)
by protons. Its destruction results from two competitive
processes: single- and double-electron loss (SEL and
DEL, respectively). In the present work the charge-
changing cross sections, o,; for SEC, o,; for DEC, oy,
for SEL, and oy, for DEL, were measured with H *, H,
and H™ beams impinging upon gaseous targets of He, Ne,
and Ar. The beams were obtained from the vertical-
mounting 4-MV Van de Graaff accelerator at Pontificia
Universidade Catodlica do Rio de Janeiro. The energy
range that can be spanned goes, in principle, from 0.15
MeV/u (for DY projectiles) up to 4 MeV/u (for H' pro-
jectiles) but for technical reasons, to be explained below,
this energy interval was not fully accessible for all the in-
cident beams.

The fact that the ground state is the unique bound state
of H™ simplifies the study of collisional formation of this
ion: Once it is observed, its state is known unambiguosly.
When dealing with H™ as the initial or final state of a col-
lision, it is interesting to investigate how far one can de-
scribe this negative ion by a single-parameter wave func-
tion which would make easy the use of an effective charge
as a scaling factor in the description of cross sections. As
will be shown later, this question makes sense regardless
of the fact that the two electrons are strongly correlated!
and the correlation cannot be explained even by two in-
teracting s electrons.? Another important question is to
what extent two-electron transfer processes can be treated
as a two-step process>* in the sense that the two-electron
probability can be written as the product of two one-
electron probabilities. This question can be examined in
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the double capture by a proton from a multielectron atom
and in the double loss from H™. Experimental evidence
to answer these questions is relatively scarce. In addition,
almost all the experimental studies on the formation or
destruction of H™ were performed until now with low-
velocity projectiles. Therefore, extensive measurements of
one- and two-electron transfer cross sections with H™ as
either the initial or the final state, over a broad range of
velocities and with different targets, are warranted. A re-
view of the experimental situation up to 1973 is presented
by Tawara and Russek.>

The SEL cross section has been already measured by
different authors®~° for He and Ar in the energy range
covered by the present work but results for Ne are
presented for the first time. For all targets the measured
SEL cross sections are systematically smaller than those
calculated by the free-collision model (FCM).!° The
FCM describes the electron-loss process as the scattering
of the projectile electron by the target. The incident elec-
tron is assumed to be moving freely and with the same ve-
locity as the projectile nucleus. Detachment occurs if the
energy transfer, as measured in the rest frame of the pro-
jectile nucleus, exceeds the ionization energy. It is worth
mentioning that this model correctly describes the elec-
tron loss of a neutral hydrogen projectile (the oy, cross
section) suggesting that probably there are deficiencies in
the simplified treatment of the electron-electron correla-
tion adopted by Dewangan and Walters'® in their descrip-
tion of H™. Our results for DEL at energies larger than
0.6 MeV are new for all targets; only a few data were pre-
viously reported’ for He. The FCM was not yet extended
to the DEL case.

Experimental results for SEC in the three targets and
for DEC in Ne are presented for the first time. Addition-
al data for DEC in He and Ar were also obtained in this
work. For this last target a conspicuous shell effect was
conclusively established with the present measurements of
DEC cross sections for energies larger than 1 MeV. The
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paucity of DEC data'"!'? comes from the fact that this
process has a very small probability. At 1 MeV, for ex-
ample, o7 for protons on He is 6 orders of magnitude
smaller than the neutralization cross section o y. This ra-
tio decreases rapidly with increasing energy.

The description of the electron-capture process is far
from being a trivial problem even in the simplest case of
reactions of the form At +B (n'I'm’)— A(n,l,m)+B™*
where A and B ™ are bare nuclei and 4 and B are hy-
drogenic systems. This three-body problem received its
first quantal treatment in an oversimplified version of the
first Born approximation known nowadays as the
Oppenheimer-Brinkman-Kramers (OBK) approximation.
This approximation was worked out by many authors and
its more refined version is due to Nilolaev!® who extended
the approximation to deal with multielectron target
atoms. Many interesting features experimentally observed
in Ht+B—H+B™ reactions with the contributions
from the different shells of the target atom B considered
altogether are qualitatively reproduced. A remarkable
feature!"'>!* is a shoulder around 500 keV in the o
cross section in Ar. However, it was clear since the be-
ginning that the OBK approximation'®> was not adequate
to deal with the two collisions associated with the Thomas
double-scattering mechanism. In addition, in the MeV/u
region results from Nikolaev!? are systematically larger by
a factor of about 3 than the experimental data. Moreover,
it was demonstrated recently'®!” that the OBK amplitude
is not even a correct single-collision-capture amplitude.
Besides involving unnecessary shortcomings, it does not
take into account the correct asymptotic form of the
scattering wave functions. It seems now that a correct
first-order Born approximation'®!” reproduces well the
absolute values of K-K cross sections in the intermediate
energy range, where the Thomas mechanism is not impor-
tant and the forward scattering is dominant.

A second-order theory, the continuum-—distorted-wave
(CDW) approximation introduced by Cheshire,'® was ex-
tended by Belki¢ et al.!® for systems more complex than
those including only hydrogen and helium species as both
projectile and target, and an extensive comparison be-
tween theory and experiment was presented for total, par-
tial, and differential capture cross sections. Good general
agreement was achieved but the firmly established distinc-
tive shoulder in the o, total cross section for Ar was not
correctly reproduced.

Meanwhile, Macek and Alston?>2! developed a new ap-
proximation for the calculation of the cross section for
one-electron capture from a hydrogenlike ion of large nu-
clear charge by a bare ion, namely, the strong-potential
Born approximation (SPB). In this approximation the
capture process is described as a two-step reaction in
which the electron is virtually ionized in the field of the
target nucleus and then is attached to the projectile ion.
It is essentially a second-order Born approximation and is
called strong potential because the capture goes via inter-
mediate states of the stronger target potential. Some of
the earliest difficulties of the SPB calculations which were
circumvented by the peaking approximation® are well un-
derstood presently.?> As a matter of fact, the SPB-
peaking approximation describes correctly the oy cross

section for K-shell capture from C, Ne, and Ar by pro-
tons. 2023,

Two-electron-capture cross-section calculations are still
more complex and were restricted for a long time to col-
lisions of H* or He?* projectiles with H, or He targets.
Lin?* was the first to try the description of double-capture
cross sections of neon K electrons by bare projectiles. To
account for the two-step mechanism in which double cap-
ture proceeds through two single-electron transfers, he
adopted a three-state two-center atomic expansion calcula-
tion. Order-of-magnitude agreement was obtained with
the available experimental data. Gayet et al.’ extended
the CDW approximation to describe L-K double transfer
from Ar to F°* projectiles with good quantitative agree-
ment at energies around 3 MeV/u. However, it must be
stressed that there is no available calculation concerning
the double transfer from multielectron atoms to H' pro-
jectiles. In this paper results for K-K single-electron cap-
ture by protons were used to calculate DEC cross sections
for Ne and Ar taking advantage of OBK scaling rules and
considering the incomplete shells in the same way as Ni-
kolaev!® did. The purpose was to check some simple
ideas concerning the independent-electron treatment of
the double transfer at intermediate energies (~1 MeV/u)
and the use of only one effective charge in the description
of the two electrons of H™. A short and preliminary ver-
sion of this work has been presented®® elsewhere.

II. EXPERIMENTAL APPARATUS
AND MEASUREMENT TECHNIQUES

The cross sections have been obtained by the growth
rate method. In a three-component system, such as hy-
drogen, six charge-changing processes are possible,
characterized by the cross sections o (j5=i with
i,j =—1,0,4+1). When j=0, ground and excited states
are considered altogether. Individual cross sections can
be obtained if a beam consisting of only one charge state i
is prepared and sent through a collision chamber. The
new charge states j that appear in the emergent beam are
then observed at the lowest possible pressures. Let II
represent the number of atoms of target gas per centime-
ter squared which the beam has traversed. This quantity
is proportional to the pressure inside the collision
chamber. If the pressure is so low that the probability
that a beam particle undergoes more than one atomic col-
lision during its traversal of the target is negligible, then
the initial rate of growth of the fraction F;(IT) will be
linear, with slope equal to o; (in cm?). Even when this
single-collision condition is not strictly satisfied and two-
collision processes are not so improbable, the cross sec-
tions can be deduced from the data. By neglecting
higher-order collisions, it follows that

[F;(I)—F;(0)]/Nl=0,+BIl , (1)

where F;(0) is the fraction of the state of charge j mea-
sured in the absence of target gas. The parameter B de-
scribes the effect of double collisions. The left-hand side
of Eq. (1) can be obtained experimentally. Plotting this
quantity against Il and extrapolating to II=0 gives the
charge-transfer cross section.
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To indicate the quality of the rough data, Fig. 1 shows
some typical growth curves obtained with rather different
combinations of incident beam, impact energy, gas target,
and detection system.

The preparation of pure and sufficiently intense incident
beams is required. The H™ beam was accelerated with
the 4-MV electrostatic accelerator and magnetically ana-
lyzed in mass and energy. Capture cross section depends
strongly on the energy; therefore, good energy resolution
is mandatory. The energies of the analyzed incident
beams were known with an accuracy better than 0.15%
above 1 MeV. Below this energy the accuracy is increas-
ingly poorer attaining 1% at 0.3 MeV. Beams in the
range 0.15-0.30 MeV/u were obtained with deuterons
and care was exercised to avoid trouble with the H, ™ con-
tamination.

The analyzed beam was collimated by two sets of stag-
gered crossed pairs of micrometric sliding slits 100 cm
apart. A typical value of the beam dimension after col-
limation was 0.5X0.5 mm?. The beam entered a large
chamber through an insulated ¢;=1.5 mm diaphragm
followed by a 2.5-mm antihalo aperture. The exit aper-
ture of the chamber was 5 mm in diameter. The entrance
and exit diaphragms also played the role of vacuum im-
pedances to the line.

The chamber was a differentially pumped gas cell con-
sisting of a high-pressure target chamber inside the larger
chamber backed by a 170-liter/sec turbomolecular pump
mounted directly underneath the gas cell. The target cell
was 10 cm in length and the electrically insulated en-
trance and exit apertures had a diameter of ¢,=1 mm.
The target cell was coupled to a two-axis goniometer
making its alignment easy. The ratio of the currents in-
tercepted by the entrance and exit diaphragms to the em-
ergent current was better than 1:1000. The target cell was
provided for the gas inlet, the gas pressure gauge and a
surface barrier detector for monitoring the scattered pro-
jectiles. Pressures in the gas cell were monitored with a
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FIG. 1. Typical growth curves obtained for different com-

binations of projectile, target, and incident energy. The horizon-
tal axis gives the target thickness in units of 10'* at/cm? and the
vertical axis is [F;(IT1)—F;(0)]/II in cm?/atom.

thermocouple carefully calibrated for each gas against a
liquid-nitrogen-trapped McLeod gauge whose mercury
was cooled to about 0°C in order to effectively eliminate
the pumping action of mercury streaming to the cold
trap.”?® The pressure in the target cell could be varied
from 2 to 200 mTorr. Pumping speed coupled with the
dimension of the apertures was such that a pressure
differential of nearly 1000:1 was obtained across the aper-
tures. The pressure in the rest of the system was main-
tained around 10~ Torr. The total uncertainty in the gas
target thickness—compounded of estimate uncertainties
in the absolute calibration of the McLeod gauge, the
effective length of the gas cell, and the fluctuations in the
calibration—was approximately £10%. This was the
largest source of error in the absolute cross sections.

The neutral beam was produced by the breakup of H,*
ions. Therefore, its energy is limited to 2 MeV. This pro-
cedure gives a much more intense beam than those pro-
duced by neutralization of proton beams. For this pur-
pose a second differentially pumped gas cell was mounted
right after the stabilizing slits. Air was introduced into
this cell and the pressure was chosen to maximize the in-
tensity of the neutral beam. Downstream of the dissocia-
tion cell, the charged fragments in the emerging beam
were removed by the deflecting field of a permanent mag-
net. Some of the neutral atoms resulting from the H,*
breakup are not in the ground state. The distance from
the dissociation cell to the target chamber was about 200
cm. Thus the flight time from one cell to the other was
long compared to the radiative lifetime of all hydrogen
atoms with n <6 except for those in the metastable 2s
state. The fractions of highly excited neutral atoms that
happen to reach the collision cell can be neglected since
their population is roughly proportional to n ~3. On the
other hand, when particles with velocity v traverse a mag-
netic field with field lines perpendicular to v, they experi-
ence a motional electric field. For a velocity correspond-
ing to 1-MeV protons, the electric field associated with
our permanent magnet amounted to about 1 kV/cm and
it was fairly constant over a distance of 6 cm along the
beam. This field can strongly quench H(2s) atoms formed
either directly or by cascading. Thus most of the H
atoms arriving at the target cell are in the ground state.

To be sure of this assertion, we measured the electron-
loss cross section og; as it is very different for atoms in
the 2s and 1s states. Our results, which are in excellent
agreement with previously reported ones® for H(ls), are
compared in Fig. 2 with the FCM predictions. !

The negative ion beam was produced by the breakup of
H;* and H," ions. Before being momentum analyzed by
the 90° magnet, the molecular beams were sent into a
third differentially pumped gas cell where they were des-
troyed. The relative large yield of H;* ions from a dirty
rf source and the enhanced probability of producing H™
ions from the breakup of H;* lead to a copious produc-
tion of negative fragments. With neutral and negative
beams some apertures were modified, namely, ¢;=2.5
mm and ¢, =3 mm.

The target gases were claimed by the manufacturers to
be 99.99% pure. For Ne and Ar this purity was high
enough to ensure correct measurements of the cross sec-
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FIG. 2. One-electron-loss cross section oy, measured in this

work. The curves are FCM predictions (Ref. 10). Some typical
error bars are shown.

tions. However, for He the small concentrations of im-
purities are significant because DEC cross sections of
some of the contaminants are larger than that of He by a
factor of about 100 at 1 MeV. Thus the 0,7 cross section
for He was not measured above this energy.

The mixed beam emerging from the collision chamber
was split into its charge-state components in the switching
magnet and the latter were simultaneously collected at 0°
and +30°. The negative ions were detected by a 250-mm?
surface barrier detector. The positive and neutral beams

were measured either with Faraday cups or with surface
barrier detectors depending on their intensities. Before
entering the Faraday cup the neutral beam went through
a grounded aluminium-coated Mylar foil and a negatively
biased guard ring. The Faraday cups were 3.75 cm wide
and 30 cm long and were located at the border of the
switching magnet whose residual field was very efficient in
preventing secondary electrons from leaving or entering
the cups. The angular acceptance of the detectors was
such that even for the highest pressures in the target cell
and for the lowest velocities of the incident beam, the
fraction of scattered particles not reaching the detectors
was negligible. The distance from the target to the detec-
tion system was about 150 cm and the vacuum in the
switching magnet was kept around 10~° Torr.

With all the charge-state components fully and simul-
taneously collected, the determination of charge fractions
and then of the cross sections is easily accomplished by a -
linear least-squares fitting of [F;(I1)—F;(0)]/Il. Uncer-
tainties in the absolute values of the cross sections come
from target thickness measurement, current measure-
ments, and/or counting statistics, energy determination
(especially in the extreme low energy region), and the
fitting procedure. An average uncertainty of £15% must
be assigned to the absolute values of the cross sections
measured in this work.

To check the internal consistency of the data, an alter-
native analysis was performed. For an incident beam in a
given charge state the emergent fraction in the same
charge state exhibits an exponential attenuation long be-
fore the equilibrium fraction is reached. The slope of the
linear transmission curve obtained in a semilog plot gives
directly the sum of the cross sections associated with the
destruction of the incident beam. For neutral beams one
obtains 0, +0,; which is essentially equal to og; in the
energy range under investigation. For negatively charged
incident beams one gets the total collisional detachment
cross section o, =07,+07,. Of course, the pressure must
be low enough to prevent the initial charge state from be-
ing rebuilt by a second collision. However, in the present
work the maximum pressure employed for each gas target
was not high enough to allow a very precise determination

TABLE I. One-electron-loss cross sections gy, (in units of 107!7 cm?) obtained by the growth rate

method (G) and by the attenuation method (7).

001(1077cm?)

He Ne Ar
Energy (MeV) G T G T G T
0.3 5.40 5.51 17.6 18.0 28.9
0.4 3.55 3.43 15.5 16.6 27.6 27.2
0.5 2.74 2.76 12.0 12.0 28.0 25.8
0.6 2.40 2.58 11.2 11.3 23.3 24.4
0.8 1.83 2.04 9.76 9.50 20.6 213
1.0 1.38 1.53 8.52 8.63 18.0 19.0
1.2 1.27 1.37 7.36 7.35 16.0 16.6
1.4 1.08 1.10 6.90 7.01 14.5 14.5
1.6 1.00 1.08 6.25 6.01 13.6 14.1
1.8 0.84 5.52 5.49 12.6 13.0
2.0 0.81 5.25 5.28 10.6 11.0
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TABLE II. Total detachment cross section op (in units of 10~!" cm?) obtained by the growth rate

method (G) and by the attenuation method (7).

op (10717 cm?)

He Ne Ar
Energy (MeV) G T G T G T
0.6 5.16 4.93 25.7 26.0 50.5 55.5
0.8 4.49 4.49 21.6 22.1
0.9 38.8 42.3
1.0 3.65 4.00 18.1 18.7
1.2 3.33 3.59 17.5 15.3 35.6 37.7
1.4 3.02 3.36 16.1 14.6
1.5 31.1 31.9
1.7 2.58 2.60 12.9 13.4
1.8 28.8 30.0
2.0 26.1 28.6

of 0¢; and op and the values presented in Tables I and 1I
in the columns labeled T (for transmission) are affected by
essentially the same uncertainties as those in the columns
labeled G (for growth).

III. RESULTS AND DISCUSSIONS

A. SEL and DEL

Our measured values of oy, are presented in Table III.
For Ar they agree well with the values of Rose et al.;® for
He there are in the literature three reported values’ inside
the energy interval we studied and the agreement is also
very good; for Ne there are no published values above 0.2
MeV. The ratio of the one-electron-loss cross sections
010/001 is fairly independent of the energy, from 0.4 to
2.0 MeV, for Ar and Ne, being equal to 2.13+0.15. For
He this ratio is energy dependent, increasing from 2.1 at
0.6 MeV to 2.7 at 1.4 MeV. Both cross sections have
been calculated'® in the framework of the FCM. As
shown in Fig. 2, this model reproduces correctly the ex-
perimental values of oy,. However, the measured values
of oy, lie systematically 20 to 40% below the calculated
curves for the three gases in the range of energy from

TABLE III. SEL cross sections oj, in cm?’ Numbers in
square brackets are powers of ten.

O1p (sz)
Energy (MeV) He Ne Ar
0.4 5.60[— 16]
0.5 2.68[—16]
0.6 4.99[—17] 2.43[—16] 4.62[—16]
0.8 4.36[—17] 2.04[— 16]
0.9 3.57[—16]
1.0 3.55[—17] 1.72[—16]
1.2 3.26[—17] 1.68[—16] 3.30[—16]
1.4 2.94[—17] 1.55[—16]
1.5 2.90[— 16]
1.7 2.53[—17] 1.24[—16]
1.8 2.71[—16]
2.0 2.40[— 16]

0.075 to 2 MeV (see Fig. 3). For the targets under con-
sideration there are many other experimental results®~° in
this energy interval besides those reported in Table III.
The discrepancy is probably related to the description
of the H™ structure adopted by Dewangan and Walters'’
who calculated oy, in two extreme situations. First, they
considered the projectile as if it consisted of two
equivalent loosely bound electrons. Second, the structure
of the projectile was interpreted as consisting of a strongly
bound electron, comparable to the 1s electron in H, and a
very weakly bound electron. The experimental results
clearly rule out the first description since it gives calculat-
ed values that even exceed those obtained with the second
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FIG. 3. Single-electron-loss cross section oj,: ®, this work;
V, Ref. 6; X, Ref. 7; A, Ref. 8; O Ref. 9; B, Ref. 28. The
curves are FCM predictions (Ref. 10).
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TABLE IV. DEL cross sections o7, in cm’. Numbers in

square brackets are powers of ten.

TABLE V. SEC cross sections oy in cm? Numbers in

square brackets are powers of ten.

o (cm?) oo (cm?)

Energy (MeV) He Ne Ar Energy (MeV) He Ne Ar
0.4 5.81[—17] 0.3 7.80[—20] 8.90[ —20]
0.5 1.89[—17] 0.4 2.24[—20] 1.33[—19] 3.10[—20]
0.6 1.69[— 18] 1.36[—17] 4.29[—17] 0.5 9.20[—21] 6.60[ —20] 1.88[—20]
0.8 1.27[— 18] 1.18[—17] 0.6 4.60[—21] 3.00[—20] 1.24[—20]
0.9 3.13[—17] 0.8 1.24[—21] 1.26[—20] 9.40[ —21]
1.0 9.63[—19] 9.30[—18] 1.0 4.09[—22] 5.50[ —21] 6.14[—21]
1.2 7.06[— 19] 6.97[— 18] 2.54[—17] 1.2 1.76[—22] 2.75[—21] 4.33[—21]
1.4 7.70[—19] 6.00[ — 18] 1.4 8.80[ —23] 1.36[—21] 2.81[—21]
1.5 2.08[—17] 1.6 5.12[—23] 8.49[ —22] 2.06[—21]
1.7 4.70[—19] 5.30[— 18] 1.8 2.86[—23] 6.41[—22] 1.31[—21]
1.8 1.70[—17] 2.0 1.74[—23] 4.20[—22] 1.03[—21]
2.0 2.11[—17]

one. This lack of agreement is very disturbing since it
persists at higher energies?”?® where the FCM and the
double-closure Born approximation of Gillespie?>* give
the same results and there is no clear reason to expect the
theory to fail. This result and the fact that o;; amounts
to an important fraction of op point to a very strong
electron-electron correlation underlying the mechanism
governing the electron loss from H™.

The DEL cross section was not yet calculated in the
FCM. Our experimental results are presented in Table
IV. Except for three values given by Dimov and Dudni-
kov’ for He around 1 MeV, there is no experimental re-
sult in the 0.6-2-MeV interval. In this interval the prod-
uct E oy, is fairly constant for the three gases. Approxi-

mately the same value for this product is found®”?8 for Ar
and He at energies 10 MeV showing that a v ~? depen-
dence was already attained for energies greater than 0.6
MeV.

B. SEC and DEC

The SEC and DEC cross sections measured in the
present work are given in Tables V and VI, respectively.
Results for Ne in this energy interval are entirely new. In
the limited range of energy examined, the SEC (0.4-2.0
MeV) and DEC (0.4-3.5 MeV) cross sections for Ne
present a velocity dependence of v =7 and v ~ 12 respective-
ly, which are about the same as those we have inferred for
solid targets of carbon in this domain of velocities.*' For

TABLE VI. DEC cross sections o7 in cm?. Numbers in square brackets are powers of ten.

o7 (cm?)

E (MeV) He Ne Ar
0.15 (1.19+0.18)[ —20]
0.20 (6.90+1.30)[—21] (2.00£0.30)[—21]
0.25 (4.30+0.60)[ —22]
0.30 (7.0+1.5)[—23] (8.20+1.50)[ —22] (1.48+0.18)[—22]
0.40 (6.5£1.3)[—24] (1.30£0.20)[ —22]
0.45 (6.40+0.90)[ — 23] (3.82+0.50)[—23]
0.50 (8.6+£1.5)[—25]
0.60 (1.5+0.2)[—25] (1.00%0.13)[ —23] (1.33+0.18)[—23]
0.70 (2.9+0.4)[—26]
0.80 (1.5+0.2)[—26] (1.554+0.20)[—24] (4.53%+0.55)[—24]
0.90
1.00 (2.0+0.4)[—27] (4.50+0.55)[—25] (1.73+0.23)[—24]
1.20 (1.56+0.20)[ —25] (6.91+£0.71)[—25]
1.30 (4.74+0.53)[—25]
1.40 (9.20+1.10)[—26] (3.08+0.70)[—25]
1.60 (3.97+0.48)[—26] (1.49+0.11)[—25]
1.80 (1.98+0.25)[—26] (7.084+0.92)[ —26]
2.00 (7.43+0.90)[ —27] (3.2240.42)[ —26]
2.50 (2.02+0.26)[—27] (8.73+1.00)[—27]
3.00 (5.40£0.65)[—28] (2.58+0.35)[—27]
3.50 (2.20+0.26)[ — 28] (9.32+1.40)[ —28]
4.00 (3.89+0.70)[ — 28]




22 D. P. ALMEIDA et al. 36

He, the SEC results were extended up to 2 MeV and the
DEC results confirm those of Schryber. !

The experimental data for Ar deserve some comments.
It is well known that the single-electron-capture cross sec-
tion from a given shell reaches a maximum when the ve-
locity of the projectile is of the order of the average veloci-
ty of the electron to be captured. After reaching this
maximum, the partial cross section falls off rapidly. As
the projectile velocity increases, the next inner shell begins
to contribute significantly. When the total capture cross
section is measured as a function of the projectile velocity,
structures are often observed around the value of v for
which the contribution of a given shell begins to be dom-
inated by that of the inner shell. This peculiar feature
was observed!!"!* in the neutralization of protons travers-
ing an Ar target. It is, in this case, associated with the
transition from dominant M to dominant L regime.'?
The same effect is nicely observed for both SEC and DEC
cross sections presented in this paper.

C. An approximate calculation of o7

An estimate of the total cross section for double charge
transfer from a multielectron atom to a fast proton to
form the negative ion H™ can be obtained assuming that
the electrons are captured independently. An impact pa-
rameter description of the one-electron transfer probabili-
ty is justified for dealing with total cross sections. The
cross section for the formation of H™ (in its ground state
represented by &) when a proton captures two electrons
from the target atom A, one from the state @ and other
from the state 3, can be written as

o(A(a,B),E)=21 [ “ bP 44¢(b)P 45:b)db , 2)
. ¢ ¢

where P, ¢ and P,g. are the velocity-dependent one-
electron probabilities and «,f3 stands for the complete set
of quantum numbers necessary to specify the state. The
nuclear charges are Z; =1 for the projectile and Z, for
the target.

An evaluation of (2) starting from first principles is
beyond the scope of this work and some simplifications
will be introduced. The first ones concern the atomic
wave functions. The ground state of H™ is often de-
scribed! by a (1s)? wave function which has two different
nuclear-charge parameters to simulate electron-electron
correlations. Angular correlation, despite its importance,2
will not be taken into account in our model. In the target
atom the passive electrons are considered to form a frozen
core during the capture of the active electron. The active
electron will be described by a hydrogenic wave function
which takes into account inner and outer screening due to
the passive electrons. The inner screening is considered
through a shell-dependent effective charge Z,. Making
explicit all relevant variables and parameters one may
write P4, . =P(b,Z,=1,Z,,a(Z,)—E).

Collisions for which the first-order process is dominant
correspond to impact parameters smaller than the average
atomic radius of the active electron. The projectile acts as
a probe of the higher momentum components of the wave
function and a satisfactory estimate of P 4, ((b) can be ob-
tained with no more than a good knowledge of the wave

functions in the inner region of the atom. This is also
true for the emerging negative ion, a particularly extended
system. This fact can be used to simplify to a greater de-
gree the description of the H™ state £. If the electron
density at the origin calculated with the Chandrasekhar
wave function is equalized to that calculated with a (1s)?
hydrogenic wave function, one can replace the two
nuclear-charge parameters by a single one, viz,

T =0.582. The same argument can be invoked to justi-
fy that the effective target charge Z, is that for which the
corresponding hydrogenic wave function gives the same
average value of 1/r as the relativistic Hartree-Fock calcu-
lations,*? namely, Z,=n2{1/r)gyr. It is better to
choose (1/r) instead of {(r) to give the adequate weight
to the higher momentum components. Then a more com-
pact notation can be used for the one-electron probability,
that is,

PAa’gzp(b,Zr,Za,na—)né-:l) R (3)

where it is implied that the incident particle is a proton
and that the electron in the emergent particle has princi-
pal quantum number ng=1 and is in the Coulomb field
due to ZT. On the other hand, the target active electron
is in the quantum state a, with principal quantum number
n, in the field due to Z,,.

Despite its well-known limitations, the OBK approxi-
mation is very useful in suggesting scaling rules which are
widely and successfully employed.'>*® To render more
transparent these scaling rules and the use that will be
made of them, some results of the OBK are briefly re-
called here. The total cross section averaged over all ini-
tial (2n2) and final (2) angular momentum states can be
written as [the notation of Eq. (3) and atomic units will be
used thereafter]

GoBk(ZT,Zgng—neg=1)

=2"MZ)Zo/ng)’ /50y, @)

where
2
v2 (Zy/ng)
YVa=" s (5)
4 v
because for protons on Ne or Ar the collision is very
asymmetric.
Then it follows'>33 that
C_VOBK(ZT,Za,na—)I):EOBK(Zf,Za/na,l—)I) . (6)

To proceed further it is assumed that this scaling rule
holds also for the probabilities

P(b,Z},Z,n,—1)=P(b,Z},Z,/n,1—1). (7
Considering that the K —K probability for capture by

protons in the OBK approximation is given by
P(b,Z%,Zg,1>1)=[2b%ZTYZ /v vk IK3(bYKD) ,
(8)

the integral (2) can be evaluated by using Egs. (4) to (8).
To this end, two cases must be considered separately: (i)
both electrons come from the same shell S, and (ii) the
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electrons come from different shells S and S'.

In the first case, the two probabilities appearing in Eq.
(2) are equal to each other. Making use of the scaling rule
(7) and introducing (8) into Eq. (2), it follows that, for
each pair of electrons, the double-capture cross section in
this case is equal to

ESS=(527\,/2“7T)‘}/3(7%' , 9)

where the factor A=35.44 results from the numerical in-
tegration. Following Nikolaev,!3 5 must be redefined as
7% by substituting the hydrogenic energy (Zs /ng)* by the
experimental® binding energy eg. In this way, the outer
screening is partially taken into account. In addition, if
there are Ng electrons in the shell all the different possi-
bilities must be counted. Let o, be the fotal cross section
for the single-electron capture by a proton from shell S.
The total double-capture cross section for two electrons
from S will be given by

oss=[(Ns—1)/Nsl(5?A/2B7)(Z ¥ )Sy%05% . (10)

If the active electrons belong to different shells, another
approximation can be made by noting that for values of b
for which the probability associated to the inner shell S
begins to fall off to negligible values, the probability asso-
ciated with the outer shell S’ remains still almost con-
stant. Then Pg/(b) can be replaced by the value of Eq. (8)
calculated at the limit b—O0 after performing the con-
venient scaling. Upon inserting this result into Eq. (3)
and using (4) it is found that

5

lom Ys0s0Os - (11)

OSS’—

With the same definitions as before and taking into ac-
count the number of electrons available in S and S’, one
has

Oss' = (ZT )6‘)/§'0'S'0’5 . (12)

5
32

Scaling rules and other results from OBK were used to
obtain Egs. (10) and 12). However, an important point to
be emphasized is that we assume that (i) once o5 and og¢
are known from any theory, Egs. (10) and (12) connect
single- to double-electron transfer cross sections, and (ii)
if, at least, og is known from any theory or even by
fitting curves to experimental data, obtained for many
different targets, the scaling rule (6) can be used to gen-
erate other single-capture cross sections.

As the K-electron capture from Ne and Ar are well de-
scribed by the SPB peaking approximation and the
theoretical cross section is given in a closed form,?° this
approach was adopted to estimate the double-capture
cross sections. Thus the single-electron-capture cross sec-
tion from the shell S by a proton will be written as

os=Nsospp(Z,=1,Z5/ng,e5,K—>K) , (13)

where ogpy is the cross section per electron.

These expressions must be used with care. The OBK
scaling rule is valid for a cross section averaged over the
initial states. If the shell is incomplete the scaling is no

LI | T T T 717 l'r] T T T rrrr
~ ~ —
o~
§ o
® 10’ — -
> - 3
£y - 4
= - -
~ + -

Q = .

3 - i
b

L — —
w

520
10 Lol L Lol 1 1111l
10" 10° 10
E (MeV)

FIG. 4. One-electron-capture cross sections in Ne. Open
symbols refer to oo: O, Ref. 11; A, Ref. 35; O, this work.
Solid symbols refer to 20;/(Z¥)*: @, this work. The curve is
explained in the text.

longer valid. This is the case for the Ar M-shell where
the 3d subshell is empty. Nikolaev'® has given relations
between incomplete- and complete-shell cross sections
within his modified OBK approximation (to be designated
as OBKN). In particular one can obtain the ratio

UOBKN(ZI)ZM1£M73S +3p—>K) —F (14)
=Fy .

00BkN{Z 1,Zp,€01,n =3—>K)

A crucial test for the scaling rules is to obtain o, for
Ne and Ar starting from ogpg(K—K). Figure 4 com-
pares

UIO(NC):ZUSPB(lszysK)K_"K)
+80’SPB(1,ZL/2,EL,K—>K)

with experimental data (open symbols). Our data for
o 10(Ne) are given in Table VII. Figure 5 does the same
thing for

UIO(AI')=80'SPB( I,ZL /2,€L ,JK—K)
+8Fpospp(1,Zys /3,641, K—K) .

T T T T T T T 1
- Ar T
E 107 —
no - -1
> - -
o - =
= - -
a - .
n
& B .
o
w — & .. —
16° 1 1141 tal 1 I
10" 10°
E (MeV)

FIG. 5. The same as in Fig. 4 for Ar. o: O, Ref. 11; O,
Ref. 35; V, Ref. 14; A, Ref. 36; O, Ref. 37. 20/(ZF): @,
this work; A, Ref. 9; ¢, Ref. 11.
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TABLE VII. One-electron-capture cross section oo (in units of 1072° cm?) for Ne.

E (MeV) 03 0.4

0.5

0.6 0.8 1.0 1.2

o0 (1072 cm?) 324 144

58.0

28.0 10.2 4.42 2.22

In both figures the calculated and experimental cross sec-
tions were multiplied by E3 in order to eliminate partially
the strong velocity dependence of the capture cross sec-
tions. Excellent agreement is reached, especially for Ar
for which a remarkable structure is predicted. It is worth
mentioning that from 0.1 to 5 MeV the o, cross section
spans 6 orders of magnitude and all experimental points
appearing in Fig. 5 are concentrated into a single decade,
showing that the agreement between experimental and
calculated results is quite significant. The same figures
show also the experimental results (solid symbols) for o ;.
In this case, in order to compare o ; with o, the experi-
mental results were multiplied by two to take into account
the fact that only one final state is available and divided
by (Z})? to correct for the charge acting upon each elec-
tron in the final state. The data for Ne are not very con-
clusive and one can say that an overall reasonable agree-
ment was reached. However, for Ar the impossibility of
describing the experimental results from 0.1 to 2.0 MeV
with a single energy-independent scaling factor is obvious.
The effective charge scales well the data for which £ 0.4
MeV but it fails to describe the low-energy region.

The DEC cross sections are presented in Figs. 6 and 7.
Now, all the cross sections were multiplied by E°. The
structure in the cross section observed experimentally
around 0.5 MeV for Ar is very well reproduced by these
simple calculations. Again it must be stressed that the ex-
perimental values of 0,7 condensed in Fig. 7 cover 8 or-

ders of magnitude.

IV. CONCLUSIONS

In this work a systematic study of the collisional forma-
tion and destruction of the negative hydrogen ion was per-
formed. The targets were noble gases (He, Ne, and Ar)
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FIG. 6. Two-electron-capture cross section in Ne. @, this
work. The curve is explained in the text.

and the velocities (in a.u.) of the projectiles were in the in-
terval from 2.4 to 12.6. A great amount of new experi-
mental information is presented and the following con-
clusions can be drawn: (i) the single-electron-loss (SEL)
cross section is systematically lower by a factor of about
1.3 than the predictions of the free-collision model; how-
ever, except for this scaling factor they are as well de-
scribed by the model as the o, cross section; (ii) the
double-electron-loss (DEL) cross section exhibits a v ~2
dependence for velocities from 5 up to ~20 a.u. and be-
comes increasingly smaller than the SEL cross sections as
the velocity of the projectile increases; (iii) it is not possi-
ble to relate the single-electron-capture (SEC) cross sec-
tions o4, and oo by a single velocity-independent scaling
factor playing the role of effective charge specially in the
low-velocity regime; (iv) double-electron-capture (DEC)
seems to proceed through two independent single-electron
transfers; (v) SEC and DEC processes in Ar exhibit
around v =5 the same shell effect already observed in o,
which is related to the transition from a regime of dom-
inant M-electron capture to one of dominant L-electron
capture; (vi) the 0 and o7, cross sections for Ar are re-
markably well reproduced with a simple model which in-
corporates the idea of two-step transfer and scaling rules
from the Nikolaev OBK formulation and uses as input
K-K cross sections obtained from the strong-potential
Born peaking approximation; and (vii) the behavior of o7
and o7 cross sections for He in the limited energy range

10

1 llllll

E® 0,; (MeV ® cm2)

Lol | L1
10°
E (MeV)

1 1 !

10—

FIG. 7. The same as in Fig. 6 for Ar. @, this work; OJ, Ref.
11; A, Ref. 12.
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explored in this work is different from that observed with
multielectron targets. A more rigorous treatment of these
few-body problems is a much better approach than the
description of the electronic states through one-parameter
hydrogenic wave functions and the SPB approximation.
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