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Double-electron transfer and two-step single-electron transfer in collisions of proton with potassium-metal
target are measured in the collision energy from 0.3 to 4 keV by using a charge-inversion mass spectrometry.
Two prominent H− ion peaks are observed with different values of the energy loss and show different target
density dependences. The peak with larger energy loss is identified as double-electron transfer and the other as
two-step successive single-electron transfer from the analysis of the target density dependence. The two-step
single-electron transfer is considered to occur as the process accompanying spontaneous Ly-a emission, fol-
lowed by negative H− formation. A theoretical analysis is also carried out, and the single-electron transfer cross
section obtained is found to be in excellent agreement with the present measurement, while the present
measurement for double-electron transfer is found to be much smaller than those evaluated earlier and the
present theory.
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I. INTRODUCTION

Electron transfer is one of the most fundamental and im-
portant processes occurring in ion-atom collisions and hence
has attracted a vast volume of experimental as well as theo-
retical investigations over the years, making significant con-
tributions to our basic understanding of atomic physics. Elec-
tron transfers in collision of proton with alkali-metal targets
are important for various applications and are known to pos-
sess large cross sections in a wide energy range because of
the near-resonant condition from low ionization energies of
the targets[1]. Upon the collision of protons on alkali-metal
targets, single- and double-electron transfer processes are
possible, but the branching of these two processes and cor-
responding dynamics are not well studied yet. We have ob-
served earlier that, even for relatively low-density gas tar-
gets, direct and two-step double-electron transfers resulting
in H− ion formation do take place simultaneously in a colli-
sion cell and mix[2]. Therefore, it is necessary to separate
these two processes to accurately determine double-electron
transfer dynamics and its cross section. However, the sepa-
ration of these processes has not been carefully performed
before. Furthermore, double-electron transfer is relevant to
negative-ion beams in thermonuclear fusion research[3], and
hence, there is of some practical importance in this study.
Recently, the usefulness of alkali-metal targets for structure
differentiation in a mass spectrometry was reported by one of
the authors[4].

In 1987, Ebel and Salzborn[5] studied single and double
transfer of protons in collisions with K and Na targets and
reported cross sections for double-electron transfer which are
much lower than those reported earlier by Gruebleret al. [6]

and Andersonet al. [7]. As described, accurate evaluation of
cross sections for double-electron transfer requires unam-
biguous separation of the H− ions produced from the two-
step successive single-electron transfer. All of earlier studies
[5–7] have separated these two processes only by discrimi-
nating the pressure dependence, which is not sufficiently ap-
propriate as described more in details below.

In the present work, these two processes were separated
and identified not only by using the pressure dependence but
also by analysis of the energy-loss spectrum. Hence, cross
sections of direct double-electron transfer and the successive
two-step single-electron transfer were unambiguously identi-
fied and evaluated by using this separation technique with
high precision.

Total cross sections of electron transfer for alkaline-
metal–atom targets including the present system were exam-
ined by many groups[8–10]. In addition, based on experi-
mental cross sections compiled in Ref.[9], an analytical
fitting formula for these cross sections was proposed by
Tabataet al. [11], which has been extensively employed for
extrapolation and interpolation of measured data.

As far as theory is concerned, while many quantitative
theoretical calculations for single-electron transfer cross sec-
tions have been reported as seen in Ref.[10], only a few
simple calculations have been carried out for charge-
inversion double-electron transfer[12–14]. These calcula-
tions could not explain, even qualitatively, all measured re-
sults above[15].

We report the present measurement for separation of
double-electron transfer and successive two-step single-
electron transfer in addition to the evaluation of a single-
electron transfer process and theoretical analysis based on a
molecular close-coupling method.
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II. EXPERIMENTAL SETUP

The experiment was carried out using a single-focusing
mass spectrometer, which had been described in more detail
previously [16]. Primary positive ions were produced by
electron impact in a Nier-type ion source(IS) and enter a
target chamber(TCH) in the energy range of keV region
without mass analysis. Secondary negative ions were formed
from positive ions by two-electron transfer with alkali-metal
target existing in the 5-cm-long TCH. The alkali-metal target
was supplied as vapor via an insulator from a cell which
contained alkali metal by heating the cell. The absolute den-
sity of the alkali-metal vapor was estimated from the tem-
perature of the cell and TCH using the vapor pressure curves.
The relative density of alkali-metal vapor in TCH was mea-
sured using an alkali-metal monitor of a surface ionization
type. Both negative ions formed in the TCH and primary
positive ions were analyzed by the single-focusing mass
spectrometer by changing its polarity. By using this method,
the transmission of negative ions was made as in the same
procedure as that of positive ions. The magnet has a 90°
bending angle and a 200-mm ion orbital radius.

The mass-analyzed positive and negative ions were de-
tected by a channel-type secondary electron multiplier
(SEM). To successfully detect both positive and negative
ions which have low kinetic energies, the entrance of the
multiplier was maintained at +0.7 kV for negative ions and
at −1.5 kV for positive ions. Signals passing through a high-
voltage proof capacitor entered a multichannel analyzer
(MCA) (Tracor Northern, TN-7200). The multiplication volt-
age between the entrance and exit of the electron multiplier
was adjusted in the region from 3.5 to 4.5 kV, so that the
pulse height of the signal was high enough in a pulse-height
analysis mode of the MCA to ensure the reliability of pulse
counting. To detect high-intensity positive ions accurately,
signals passing through the high-voltage capacitor were con-
certed into the transistor-transistor logic(TTL) pulse using a
preamp and a TTL comparator and were counted by the
MCA. By this method, signal intensities of more than
106 counts/s could be registered without any counting loss.
By this counting method, the intensity ratio up to 0.0001
between negative and positive ions can be measured with
reasonable accuracy. Consequently, the measurement under
the low-target-density condition becomes possible.

III. THEORETICAL MODEL

Theoretical methods used are rather standard and have
been described in detail elsewhere[17]. Hence, only a brief
outline of the basic technique is provided here.

A. Molecular states

The ab initio calculations for the determination of mo-
lecular electronic states were performed using a pseudopo-
tential method. Molecular energies and wave functions were
obtained using a linear combination of Slater determinant.
Slater-type orbitals were employed. In this approach, K2+-ion
core s1s2

¯3s23p5d was represented by thel-dependent
pseudopotential, and hence, active two electrons are consid-

ered explicitly. All details of this method and specific param-
eters used were reported earlier[18].

Adiabatic potential curves for this system are rather
smooth without much structure except a series of strong
avoided crossings between a polarization interaction arising
from a singly charged ion-neutral interaction and a Coulomb
interaction from an ion pair dominate at larger internuclear
separations. Because of the weak-coupling feature described
above, the dynamical coupling mechanism is a typical
Demkov-type coupling[17]. Hence, the relevant and primary
radial coupling matrix elements are found to be all weak
except for those in excited states.

B. Semiclassical approach

A semiclassical molecular orbital expansion method with
a straight line trajectory was employed to study the present
collision dynamics[17]. Transitions are driven by nonadia-
batic couplings. The total scattering wave function was ex-
panded in terms of products of a molecular electronic state
and atomic-type electron translation factors(ETF’s). Substi-
tuting the total wave function into the time-dependent
Schrödinger equation and retaining the ETF correction up to
the first order of relative velocity yields a set of the first-
order coupled equations[molecular orbital close-coupling
method(MOCC)]. By solving the coupled equations numeri-
cally, we obtain the scattering amplitudes for transitions: the
square of the amplitude gives the transition probability, and
integration of the probability over impact parameter gives
the cross section. Molecular states included in the calcula-
tions were the initialfH++Kg state, single-electron trans-
ferred fHsn,n=1,2,3d+K+g states, and double-electron
transferredfH−+K2+g state. The total number of molecular
states employed in the present MOCC was seven MO’s.

IV. RESULTS AND DISCUSSION

A. Energy-loss spectrum

One of the authors has previously reported that the forma-
tion of H− ion from H+ impact on alkali-metal targets could
be a successive two-step single-electron transfer in collisions
and shows quadratic dependence on the target density[19].
By measuring the energy-loss spectra, the H−-ion peak from
H+ ions is found to compose two pronounced peaks with
different energy loss[2]. The present results for the energy-
loss spectra under the condition of different target densities
are shown in Figs. 1(a) and 1(b). The experimental condi-
tions for these spectra are as follows: the collision energy is
taken as 3.0 keV, the densities(a) 231013 cm−3 and (b)
9.331012 cm−3, respectively. Peak I in Fig. 1(a) is 2.1 times
as large as that in Fig. 1(b), which shows a linear dependence
on the target density. From the linear dependence on the
target density, peak I is identified to originate from double-
electron transfer in a single collision. Peak II in Fig. 1(a) is
4.4 times as large as that in Fig. 1(b), which shows a qua-
dratic dependence on the target density. From the quadratic
dependence, peak II is ascribed to two-step single-electron-
transfer processes in successive two collisions.
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The absolute energy-loss value from the precursor posi-
tive ion could not be evaluated due to change of the polarity
of analyzing magnet[2]. The translational energy difference
was calibrated by both changing the voltage of ion accelera-
tion and monitoring the magnetic field strength. The energy-
loss value in the H−-ion spectrum evaluated by both calibra-
tion methods was found to agree within an experimental
error. The energy difference between peaks I and II is found
to be constant with a value of 17.4±0.5 eV in the collision
energy region considered, in which peak I is observed. The
absolute energy losssDEDEd of double-electron transfer in a
single collision can be evaluated from Eq.(1):

DEDE = KIE + KIE
+ − HIE − HEA, s1d

where the subscripts IE and EA indicate ionization energy
and electron affinity, respectively. Using values of KIE
=4.34 eV, KIE

+ =31.81 eV, HIE=13.60 eV, and HEA
=0.75 eV, the energy loss for double-electron transfer—viz.,
DEDE—is evaluated as 21.80 eV, which corresponds to the
energy loss of peak I. As the energy difference between the
two peaks was 17.4 eV, the energy loss for peak II, due to
two-step single-electron transfer processes, was estimated to
be 4.4 eV by subtracting 17.4 eV from 21.8 eV.

The energy loss cannot be explained from the reaction(2)
below, which gives the energy gain of 5.76 eV:

H+ + K → Hs1sd + K+, Hs1sd + K → H− + K+. s2d

The possible processes which could explain the present
energy-loss value of 4.4 eV may be the two-step reactions

H+ + K → Hs2sd + K+, Hs2sd + K → H−s1s,2sd + K+,

s3d

H+ + K → Hs2pd + K+, Hs2pd → Hs1sd + Ly-a, Hs1sd + K

→ H− + K+. s4d

Although both reactions give the same energy-loss value of
4.48 eV, the reaction(3) should be excluded since there ex-
ists no stable H−s1s,2sd ion. Hence, peak II should be origi-
nated from process(4), which consists of the neutralization
forming Hs2pd by the first collision following the Ly-a emis-
sion, and then, negative-ion formation by the second
collision—i.e., two-step processes in successive two colli-
sions.

B. Two-step single-electron transfer

The product of two-step single-electron transfer cross sec-
tions, first forming a neutral-atom formationss+0d and then a
negative-ion formationss0−d, in two collisions, can be de-
scribed from the peak intensity and target density shown in
Fig. 1 as follows[4]:

s+0s0− =
2I−

I+D2l2
s5d

whereI+ andI− are the positive- and negative-ion intensities,
respectively,D is the absolute density of the target, andl is
the effective collision length.

I+ and I− were measured under the same target density
condition only by changing the polarity of the magnet and
detector. SinceI+ decreases mainly by the neutralization re-
action, I+ depends on the position in the TCH. At the colli-
sion energy of 3.0 keV and under the target density of 1
31013 atoms/cm3, the value ofI+ at the exit of the TCH was
estimated to be 75% of that at the entrance of the TCH based
on the neutralization cross section of 5.0310−15 cm2 recom-
mended by Morganet al. [10]. The averagedI+ was esti-
mated to be 1.15 times larger than the detectedI+ intensity.
As I− decreases by the electron detachment reaction,I− at the
exit of the TCH is expected to be smaller than that formed in
the TCH. At the collision energy of 3.0 keV and under the
target density of 131013 atoms/cm3, the value ofI− at the
exit of the TCH was estimated to be 75% of that at the
entrance of the TCH based on the electron detachment cross
section of 5.0310−15 cm2 estimated by the formula of
Tabataet al. [11]. The decrease ofI+ by neutralization takes
place simultaneously with that ofI− by electron detachment
reaction depending on the target density. If the neutralization
or the electron detachment affects the change ofI+s−d signifi-
cantly, then the density dependence would change and show
a deviation from the quadratic dependence. However, as
shown in the Fig. 4 in Ref.[2], the H− intensity shows a
quadratic dependence on the target density. In order to avoid
neutralization and electron detachment reactions, the cross
sections were measured under the target density with around
131013 atoms/cm3. In the evaluation ofI−/ I+, the decrease
of I+ by neutralization compensates that ofI− by electron
detachment reaction. As a result, the uncertainty due to esti-

FIG. 1. Energy-loss spectra of the peaks associated with H− ions
from H+ ions in collisions with a K target. Reprinted with permis-
sion from the authors of Ref.[2].
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mation ofI−/ I+ should be less than 10%. The relative error in
the cross sections at each collision energy was estimated to
be less than 20%.

The leak of the target gas from the entrance and exit slit
affects the effective collision length. The widths of the en-
trance and exit of the TCH are 0.3 mm and 0.5 mm, respec-
tively [16]. As the slit widths are much narrower than the 5
-cm-long TCH,l is taken as 5 cm. As described in the Ref.
[16], the target density was evaluated by both the tempera-
tures of the TCH, and the cell and the monitor current
equipped at the TCH. The fluctuation in the evaluation of the
square of the target density was considered to be less than
50% as the intensity ratiosI−/ I+d. The experimental data re-
ported here were determined by taking an average of mea-
sured values of many trials, and about 90% of the reported
value lies within ±50% of all measured results ofss+0s0−d.
The results thus evaluated from Eq.(5) are plotted in Fig. 2.
From this result, we have derived separate single-transfer
cross sections as discussed below.

In order to make a comparison of the present result, those
from other studies for the product of neutralization and
negative-ion formations are also included in Fig. 2. An ana-
lytical formula proposed by Tabataet al. [11] for the product
shows a sharp decrease after reaching a maximum at around
900 eV with decreasing collision energy, while the present
result and others including recommended values of Morgan
et al. [10] have somewhat broader maximum than those of

Tabataet al. and begin to decrease at much lower energies.
In this report, we take those by Morganet al. as a reference
value for comparison below.

Although the present results are slightly smaller than
those of Morganet al. [10], they are in reasonably good
accord with those of the product of the state selective cross
section ofs+2p and negative-ion formation cross sections0−,
in which this close agreement appears to confirm the energy-
loss measurement. The present results are slightly smaller
than those by Morganet al., probably because thoses+0 of
Morganet al.contain electron transfer cross sections to other
channels than 2p state. The present data have an uncertainty
of about a factor of 1.5 mainly due to inaccuracy for density
determination.

C. Single-electron transfer: Neutralization

By adopting the recommended cross section for negative-
ion formation from neutrals by Morganet al. [10], we have
extracted single-electron transfer cross sections and these are
illustrated in Fig. 3 along with the present theoretical results.
The agreement between the experiment and theory is found
to be very good in magnitude and energy dependence. The
neutralization cross sections+0 and negative-ion formation
cross sections0− from alkali-metal atoms have been a popu-
lar subject for study, and corresponding data have been com-
piled in previous papers[8–10]. As to some representative
experimental and theoretical investigations, for specific state-

FIG. 2. The collision energy dependence of the product of cross
sections—i.e.,s+0s0−—of neutralization and H− formation.s, the
present experiment;h, s+2ps0− by Kimura et al. [18]; Solid line,
Tabataet al. [11]; 1, Morgan et al. [10]; 3, s+2ps0− by Fritsch
[22].

FIG. 3. Single-electron-transfer cross sections(s+0 ands+2p) as
a function of the collision energy. The present results:s, the
present experimental result;h, s+2p by the present theory. Solid
line, s+0 by Tabataet al. [11]; 1, s+0 by Morganet al. [10]; 3,
s+2p by Fritsch[22].
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selective measurements, those for the Hs2pd formations+2p

were carried out by Nagata and Kuribara[20] and those for
the Hs2sd formations+2s by Berkowitz and Zorn[21].

Theoretically, Kimuraet al. [18] have calculated Hs2sd
and Hs2pd formation cross sections by using a MOCC
method, while the similar calculation based on an atomic
orbital (AO) CC method was carried out by Fritsch[22]. The
state-selective cross sections+2s forming Hs2sd by Berkow-
itz and Zorn [21] showed good agreement with that by
Fritsch [22]. The agreement between theories and experi-
ments is found to be generally reasonable. In keV collision
energy, the neutralization forming Hs2sd and Hs2pd states is
the most dominant process because they satisfy electroni-
cally the near-resonant condition. And therefore, the sum of
the s+2p and s+2s is considered to correspond to the total
neutralization cross sections+0. The present experimental
results, wheres+2p is evaluated by subtractings+2s of Fritsch
from s+0 of Morganet al. [10], are in reasonable accord with
all experimental and theoretical ones cited, although the
present result is somewhat in better agreement withs+2p by
Fritsch [22].

D. Direct double-electron transfer

The cross section for direct double-electron transfer in a
single collision is given by[4]

s+− =
I−

I+Dl
, s6d

whereI− represents a peak area of peak I in the negative ion
spectra. Similarly to the evaluation in successive single-
electron transfer cross section discussed above, the relative
error of the cross sections at each collision energy was esti-
mated to be less than 20%. The negative-ion intensity of
double-electron transfer was evaluated from the peak ratio
between peaks I and II. The uncertainty in the absolute val-
ues of the double-electron transfer cross sectionss+−d was
estimated to be of ±30%, because the target-density depen-
dence of successive two-step single-electron transfer is twice
of that of the double-electron transfer. The cross sections are
shown in Fig. 4 with the present theoretical result. Some of
previously reported experimental results are also included.
The magnitude of the present theoretical results appears to
lie between the present measurements and those of Ebel and
Salzborn[5], but the energy dependence is much closer to
that of the present experimental trend. Since the H− negative-
ion channel crosses many high-lying single-transfer channels
which the present theory did not consider, the present calcu-
lation is likely to overestimate the double-transfer cross sec-
tion. In the present collision energy domain below keV, the
ladder-climbing mechanism, or sequential two-electron
transfer, for double transfer should be more probable than
direct double transfer. Indeed, the present result indicates the
importance of the two-step electron transfer.

The experimental results by Gruebleret al. [6] and Ander-
sonet al. [7] are found to be much larger than those of the
present study. Both of them have been measured by using the
fraction method in target density region with a density of
1013 atoms/cm3. The experimental values by Ebel and

Salzborn[5] are also larger than the present results in the
entire energy region studied. Ebel and Salzborn[5] em-
ployed the growth-rate method, in which it is known that this
cross section shows a linear dependence with target thickness
for thickness less than 531012 atoms/cm2. In their study,
the double-electron-transfer cross sectionss+−d reported was
8.7310−18 cm2 at 3.0 keV. As shown in Fig. 1(b), even at a
density lower than 131013 atoms/cm3, which corresponds
to a target thickness of 531013 atoms/cm2 and target length
5 cm in the present work, two-step single-electron transfer
has been found to be larger than double-electron transfer. At
a collision energy of 3.0 keV and under a target thickness of
531012 atoms/cm2, while the intensity ratiosI−/ I+d of
direct-double electron transfer evaluated is found to be
1.65310−5, that of successive single-electron transfer is
7.5310−6—that is, about half of the direct double transfer.
Hence, we suspect that Ebel and Salzborn[5] may not have
fully eliminated the influence from successive single-
electron transfers on direct double transfer. In our measured
results, the double-electron-transfer cross sectionss+−d was
found to be 3.3310−18 cm2 at 3.0 keV. If the cross section
of direct double-electron transfer was evaluated from the
sum of total intensity of direct double-electron transfer and
successive single-electron transfers, then the apparent cross
section for double-electron transfer becomes 1.5 times larger
than that of the present direct double-transfer result. The
cross section of the direct double-electron transfer by Ebel

FIG. 4. Double-electron-transfer cross sections as a function of
the collision energy. The present results:s, the present experimen-
tal result;h, the present theory. Solid line, Tabataet al. [11]; 1,
Ebel and Salzborn[5], which is recommended by Morganet al.
[10].
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and Salzborn[5] is reported to be about 2.6 times larger than
that of the present result. This large difference cannot be
rationalized only by the contributions from successive
single-electron transfer. As indicated by Ebel and Salzborn
[5], another possible source of error is an admixture of neu-
tral hydrogen atoms in the primary beam entering the alkali-
metal–vapor electron-transfer cell, which would also in-
crease the apparent cross section. Only 2% of hydrogen
atoms included in the proton beam increase the intensity ra-
tio sI−/ I+d by the amount of 1.8310−5 which is calculated
from the cross sections0− of 1.8310−16 cm2 under the target
thickness of 531012 atoms/cm2. Since the length between
the ion source and the target chamber of 2 cm in the present
experiment is much shorter than that in the experiment of
Ebel and Salzborn[5], we believe that these causes may also
be the origin of the discrepancy seen between the present
result and earlier ones. The agreement shown in two-step
single-electron transfer with relevant previous data seems to
suggest that the detection for both primary positive ions and
secondary negative ions by the counting method and the es-
timation of the target density are sufficiently accurate in the
present work.

V. CONCLUSIONS

In electron-transfer collisions with alkali-metal targets,
single-electron transfer is known to give very large cross

sections because of the near-resonant condition from small
ionization energy of alkali metals, while double-electron
transfer becomes much smaller because of larger energy de-
fects due to double-ionization energies. It may be reasonable
that an accurate measurement of the double-electron-transfer
cross section cannot be possible without performing a simul-
taneous energy analysis. Qualitative and quantitative com-
parisons of the calculated results with experiments for
double-electron transfer would become possible using the
present reliable cross sections and provide deeper under-
standing of dynamics. Similar investigations of other mem-
bers of the alkali-metal and alkali-earth atoms are underway.
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