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Double- and single-electron transfer in H+K collisions from 0.3 to 4keV:
Separation of direct double transfer and two-step successive single-electron transfer
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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 spontaneamission, fol-
lowed by negative Hformation. 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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[. INTRODUCTION and Andersoret al. [7]. As described, accurate evaluation of
cross sections for double-electron transfer requires unam-
Electron transfer is one of the most fundamental and imbiguous separation of the™Hons produced from the two-

portant processes occurring in ion-atom collisions and hencstep successive single-electron transfer. All of earlier studies

has attracted a vast volume of experimental as well as thed5—7] have separated these two processes only by discrimi-

retical investigations over the years, making significant conhating the pressure dependence, which is not sufficiently ap-

tributions to our basic understanding of atomic physics. ElecPropriate as described more in details below.

tron transfers in collision of proton with alkali-metal targets N the present work, these two processes were separated

are important for various applications and are known to posand identified not only by using the pressure dependence but

sess large cross sections in a wide energy range becauseaé?ot. by ar;agysst gf tT)GI} enlergtjy-lotss spfectrurgn.thHence, cross
the near-resonant condition from low ionization energies of£€C!ONS Of direct double-electron transter and the successive

the targetg1]. Upon the collision of protons on alkali-metal R’Vgiﬁg Zlcgllfé?elzcgonutsri?]nSftil:SWSQE ;rg%?r?lgeuc%unsilyugmﬁr_l
targets, single- and double-electron transfer processes & y 9 P q

possible, but the branching of these two processes and corIgh precision.

ding d . t well studied vet. We h b " Total cross sections of electron transfer for alkaline-
responding dynamics are not wetll studied yet. We have obg,ata|_atom targets including the present system were exam-

served_earlier that, even for relatively low-density gas tqr-med by many group$8—10. In addition, based on experi-
gets, direct and two-step double-electron transfers resultingyantai cross sections compiled in Ré®], an analytical
in H™ ion formation do take place simultaneously in a colli- fitting formula for these cross sections was proposed by
sion cell and mix(2]. Therefore, it is necessary to separateTabataet al. [11], which has been extensively employed for
these two processes to accurately determine double-electr@xtrapolation and interpolation of measured data.
transfer dynamics and its cross section. However, the sepa- As far as theory is concerned, while many quantitative
ration of these processes has not been carefully performegieoretical calculations for single-electron transfer cross sec-
before. Furthermore, double-electron transfer is relevant ttions have been reported as seen in R&€], only a few
negative-ion beams in thermonuclear fusion resef8fland  simple calculations have been carried out for charge-
hence, there is of some practical importance in this studyinversion double-electron transf¢t2—14. These calcula-
Recently, the usefulness of alkali-metal targets for structuréions could not explain, even qualitatively, all measured re-
differentiation in a mass spectrometry was reported by one ofults above15].
the authord4]. We report the present measurement for separation of
In 1987, Ebel and Salzboif®] studied single and double double-electron transfer and successive two-step single-
transfer of protons in collisions with K and Na targets andelectron transfer in addition to the evaluation of a single-
reported cross sections for double-electron transfer which arelectron transfer process and theoretical analysis based on a
much lower than those reported earlier by Gruebteal. [6] molecular close-coupling method.
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Il. EXPERIMENTAL SETUP ered explicitly. All details of this method and specific param-

. . . . . _eters used were reported earlj&s].
The experiment was carried out using a single-focusing Adiabatic potential curves for this system are rather

mass spectrometer, which had been described in more da%'llnooth without much structure except a series of strong

E[eegt'founs?lm[lg]c't Ii:)n”r:a,\rﬁ/eff s'gvﬁ)r:ogju;’ég)e a%rgdeuni:(rj aby avoided crossings between a polarization interaction arising
target champbe(TCH) in thgpener ranae of keV region from a singly charged ion-neutral interaction and a Coulomb
9 9y g 9 interaction from an ion pair dominate at larger internuclear

\f/;/grr:wougg?t?vs; i?nﬂzl)ll)&s:[;/v%?gloe r(l:ct:i:)r%/ tr: zggfglrev\'/iotﬂsamzﬁr;oerg Ie eparations. Because of the weak-coupling feature described
P y above, the dynamical coupling mechanism is a typical

ﬁ;%etsﬁgsl}gc? lansﬂ:/(:\:c;(r:r?/i-éog% -I;r(fsji;rc]? ;l(l;ri“;mgte?ll f;‘;]?fﬁDemkov-type coupling17]. Hence, the relevant and primary
contained alkali metal by heating the cell. The absolute denr-aOIIaI coupling matrix elements are found to be all weak

sity of the alkali-metal vapor was estimated from the tem_except for those in excited states.
perature of the cell and TCH using the vapor pressure curves.
The relative density of alkali-metal vapor in TCH was mea- B. Semiclassical approach

sured using an alkali-metal monitor of a surface ionization i i , , )
type. Both negative ions formed in the TCH and primary A semiclassical molecular orbital expansion method with

positive ions were analyzed by the single-focusing mas& straight line trajectory was employed to study the present

spectrometer by changing its polarity. By using this methodCOII_iSion dy_namics[l?]. Transition'_s are driven by nonadia-
the transmission of negative ions was made as in the sanfatic couplings. The total scattering wave function was ex-
procedure as that of positive ions. The magnet has a ggpanded in terms of products of a molecular electronic state
bending angle and a 200-mm ion orbital radius. and atomic-type electron translation factOESTF's). Substi-
The mass-analyzed positive and negative ions were gduting the total wave function into the time-dependent

tected by a channel-type secondary electron mump"e,Schrﬁdinger equation and retaining the ETF correction up to

(SEM). To successfully detect both positive and negativethe first order of relative velocity yields a set of the first-

ions which have low kinetic energies, the entrance of the?rder coupled equationgmolecular orbital close-coupling
multiplier was maintained at +0.7 kV for negative ions andMethod(MOCC)]. By solving the coupled equations numeri-

at —1.5 kV for positive ions. Signals passing through a high_cally, we obtain the scattering amplitudes for transitions: the

voltage proof capacitor entered a multichannel analyzefduare of the amplitude gives the transition probability, and

(MCA) (Tracor Northern, TN-7200 The multiplication volt- integration of '_[he probability over irr_]pact parameter gives
age between the entrance and exit of the electron multipliel® €ross section. _I\/Iolei:ular states included in the calcula-
was adjusted in the region from 3.5 to 4.5 kV, so that thelions were the initial[H"+K] state, single-electron trans-
pulse height of the signal was high enough in a pulse-heigheed [H(n,n=1,2,3+K"] states, and double-electron
analysis mode of the MCA to ensure the reliability of pulsetransferred H+K?*] state. The total number of molecular
counting. To detect high-intensity positive ions accuratelystates employed in the present MOCC was seven MO’s.
signals passing through the high-voltage capacitor were con-

certed into the transistor-transistor logicTL) pulse using a

preamp and a TTL comparator and were counted by the IV. RESULTS AND DISCUSSION

MCA. By this method, signal intensities of more than A. Energy-loss spectrum

10° counts/s could be registered without any counting loss. )

By this counting method, the intensity ratio up to 0.0001 ©One of the authors has previously reported that the forma-
between negative and positive ions can be measured witfen of H™ ion from H" impact on alkali-metal targets could

reasonable accuracy. Consequently, the measurement undh§ a successive two-step single-electron transfer in collisions
the low-target-density condition becomes possible. and shows quadratic dependence on the target dejisly
By measuring the energy-loss spectra, theidh peak from

H* ions is found to compose two pronounced peaks with
different energy los$2]. The present results for the energy-

Theoretical methods used are rather standard and hal@ss spectra under the condition of different target densities

been described in detail elsewhéid]. Hence, only a brief ~are shown in Figs. (® and b). The experimental condi-
outline of the basic technique is provided here. tions for these spectra are as follows: the collision energy is

taken as 3.0 keV, the densitiga) 2x 10" cm® and (b)
9.3x 10% cm 3, respectively. Peak | in Fig.(4) is 2.1 times
as large as that in Fig(li), which shows a linear dependence
The ab initio calculations for the determination of mo- on the target density. From the linear dependence on the
lecular electronic states were performed using a pseudopaarget density, peak | is identified to originate from double-
tential method. Molecular energies and wave functions werelectron transfer in a single collision. Peak Il in Figa)lis
obtained using a linear combination of Slater determinant4.4 times as large as that in Figdbl, which shows a qua-
Slater-type orbitals were employed. In this approach;i&n  dratic dependence on the target density. From the quadratic
core (1s*--3s?3p°) was represented by thedependent dependence, peak Il is ascribed to two-step single-electron-
pseudopotential, and hence, active two electrons are consitransfer processes in successive two collisions.

IIl. THEORETICAL MODEL

A. Molecular states
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il H*+K — H(2s) + K*, H(2s) + K — H7(1s,25) + K™,

A 3)

H"+ K — H(2p) + K*, H(2p) — H(1s) + Ly-a, H(1s) + K
SH 4K (4)

Although both reactions give the same energy-loss value of
4.48 eV, the reactio3) should be excluded since there ex-
ists no stable H1s, 2s) ion. Hence, peak Il should be origi-
nated from proces&t), which consists of the neutralization
forming H(2p) by the first collision following the Lya 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 formatigur, ;) and then a
negative-ion formatior{oy_), in two collisions, can be de-
scribed from the peak intensity and target density shown in
Fig. 1 as follows[4]:

(b)

217
. L 04+000-= T¥~22 (5

FIG. 1. Energy-loss spectra of the peaks associated witloé I"D4l

from H* ions in collisions with a K target. Reprinted with permis-

. _ . o .
sion from the authors of Ref2]. wherel™ andl™ are the positive- and negative-ion intensities,

respectivelyD is the absolute density of the target, dnid

the effective collision length.
The absolute energy-loss value from the precursor posi- |+ 5041~ were measured under the same target density

tive ion could not be evaluated due to change of the polarity.nqition only by changing the polarity of the magnet and
of analyzing magnef2]. The translational energy difference geiecior. Since* decreases mainly by the neutralization re-
was calibrated by both changing the voltage of ion acceleraaction, I* depends on the position in the TCH. At the colli-

tion and monitoring the magnetic field strength. The energy<;q, energy of 3.0 keV and under the target density of 1
loss value in the FHon spectrum evaluated by both calibra- 113 atoms/crA, the value ofl* at the exit of the TCH was

tion methods was found to agree within an experimentalgimated to be 75% of that at the entrance of the TCH based
error. The energy difference between peaks | and Il is founq), the neutralization cross section of %05 cn? recom-

to be constant with a value of 17.4+0.5 eV in the collision ,anded by Morgaret al. [10]. The averaged* was esti-

energy region considered, in which peak | is observed. Th@,51ed to be 1.15 times larger than the detedteiitensity.
absolute energy los®\Epg) of double-electron transfer in @ g |- gecreases by the electron detachment readticat, the
single collision can be evaluated from Hd): 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 X 10'% atoms/cm, the value ofl~ at the
where the subscripts IE and EA indicate ionization energyf*it ©f the TCH was estimated to be 75% of that at the
and electron affinity, respectively. Using values ofg K entrance of the TCH based on the electron detachment cross
=434 eV, K.=318leV, H=1360eV, and H section of 5.0<10*°cn? estimated by the formula of

: ,  Kg=31. , K . , A e
=0.75 eV, the energy loss for double-electron transfer—viz. 1abataet al. [11]. The decrease df by neutralization takes
AEpe—is evaluated as 21.80 eV, which corresponds to th!ace simultaneously with that of by electron detachment
energy loss of peak I. As the energy difference between thEeaction depending on the target density. If the(Peqtra_Il_zatmn
two peaks was 17.4 eV, the energy loss for peak II, due t r the electron detachment affects the changk of signifi-

two-step single-electron transfer processes, was estimated ¢gntly, then the density dependence would change and show

AEpe=Kig + Kjg = Hig = Hea, 1)

be 4.4 eV by subtracting 17.4 eV from 21.8 eV. a deviation from the quadratic dependence. However, as
The energy loss cannot be explained from the reagpn SNOWnN in the Fig. 4 in Ref[2], the H" intensity shows a
below, which gives the energy gain of 5.76 eV: quadratic dependence on the target density. In order to avoid

neutralization and electron detachment reactions, the cross
H*+K — H(1s) +K*, H(1s)+K — H +K*. (2)  sections were measured under the target density with around
1x 10" atoms/cm. In the evaluation of/1*, the decrease
The possible processes which could explain the presemf I* by neutralization compensates that I6fby electron
energy-loss value of 4.4 eV may be the two-step reactions detachment reaction. As a result, the uncertainty due to esti-
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FIG. 3. Single-electron-transfer cross sectiong, ando, ;) as
FIG. 2. The collision energy dependence of the product of cros& function of the collision energy. The present resuifs: the
sections—i.e.gq00-—0f neutralization and Hformation.O, the  present experimental resulf], o.,, by the present theory. Solid

present experiment], o.,,00- by Kimuraet al. [18]; Solid line, line, o, by Tabataet al. [11]; +, 0,9 by Morganet al. [10]; X,
Tabataet al. [11]; +, Morganet al. [10]; X, o500~ by Fritsch o5, by Fritsch[22].
[22].

) _ ~ Tabataet al. and begin to decrease at much lower energies.
the cross sections at each collision energy was estimated {gye for comparison below.

be less than 20%. . Although the present results are slightly smaller than
The leak of thg target gas from the entrance and exit slifhose of Morganet al. [10], they are in reasonably good

affects the effective collision length. The widths of the en-accord with those of the product of the state selective cross
trance and exit of the TCH are 0.3 mm and 0.5 mm, reéspecsection ofo, ,, and negative-ion formation cross sectieg,
tively [16]. As the slit widths are much narrower than the 5in which this close agreement appears to confirm the energy-
-cm-long TCH,| is taken as 5 cm. As described in the Ref. |oss measurement. The present results are slightly smaller
[16], the target density was evaluated by both t.he temperanhan those by Morgaet al, probably because those,, of
tures of the TCH, and the cell and the monitor current\iorganet al. contain electron transfer cross sections to other
equipped at the TCH. The fluctuation in the evaluation of theshannels than [@state. The present data have an uncertainty

square of the target density was considered to be less thaf} apout a factor of 1.5 mainly due to inaccuracy for density
50% as the intensity ratid~/I*). The experimental data re- getermination.

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 (of,qo-). C. Single-electron transfer: Neutralization

The results thus evaluated from E§) are plotted in Fig. 2. By adopting the recommended cross section for negative-
From this result, we have derived separate single-transfépn formation from neutrals by Morgaet al. [10], we have
cross sections as discussed below. extracted single-electron transfer cross sections and these are

In order to make a comparison of the present result, thosi#lustrated in Fig. 3 along with the present theoretical results.
from other studies for the product of neutralization andThe agreement between the experiment and theory is found
negative-ion formations are also included in Fig. 2. An anato be very good in magnitude and energy dependence. The
lytical formula proposed by Tabatt al. [11] for the product neutralization cross sectiom,, and negative-ion formation
shows a sharp decrease after reaching a maximum at arouatbss sectiomry_ from alkali-metal atoms have been a popu-
900 eV with decreasing collision energy, while the presentar subject for study, and corresponding data have been com-
result and others including recommended values of Morgapiled in previous paperf8—10. As to some representative
et al. [10] have somewhat broader maximum than those ofxperimental and theoretical investigations, for specific state-
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selective measurements, those for th@) formation o ,, 10716
were carried out by Nagata and Kuribd20] and those for
the H(2s) formation o, by Berkowitz and Zorr21].
Theoretically, Kimuraet al. [18] have calculated F2s)
and H?2p) formation cross sections by using a MOCC
method, while the similar calculation based on an atomic
orbital (AO) CC method was carried out by Fritsf22]. The
state-selective cross section,s forming H(2s) 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(Bs) and H2p) states is
the most dominant process because they satisfy electroni-
cally the near-resonant condition. And therefore, the sum of
the 0,5, and o, is considered to correspond to the total "
neutralization cross section,,. The present experimental 107" o ]
results, wherer, », is evaluated by subtracting, ,; of Fritsch © ]
from o, of Morganet al.[10], are in reasonable accord with
all experimental and theoretical ones cited, although the o
present result is somewhat in better agreement with by
Fritsch[22].

Cross Section (cm?)
m]
(o]

o

D. Direct double-electron transfer 10™° Ll N R
0.1 1 10
Collision Energy (keV)

The cross section for direct double-electron transfer in a
single collision is given by4]
|- FIG. 4. Double-electron-transfer cross sections as a function of

o=, (6) the collision energy. The present results: the present experimen-
I"DI tal result; 1, the present theory. Solid line, Tabatal. [11]; +,

wherel~ represents a peak area of peak | in the negative ioffP€! and Salzboris], which is recommended by Morgeet al.
spectra. Similarly to the evaluation in successive singlello]'
electron transfer cross section discussed above, the relative
error of the cross sections at each collision energy was estalzborn[5] are also larger than the present results in the
mated to be less than 20%. The negative-ion intensity oentire energy region studied. Ebel and Salzbh em-
double-electron transfer was evaluated from the peak ratiloyed the growth-rate method, in which it is known that this
between peaks | and Il. The uncertainty in the absolute valcross section shows a linear dependence with target thickness
ues of the double-electron transfer cross sectien) was for thickness less than 610" atoms/cr. In their study,
estimated to be of +30%, because the target-density depefl€ double-electron-transfer cross section.) reported was
dence of successive two-step single-electron transfer is twic® 7x 1078 cn? at 3.0 keV. As shown in Fig.(b), even at a
of that of the double-electron transfer. The cross sections af@ensity lower than X 10'* atoms/cr, which corresponds
shown in Fig. 4 with the present theoretical result. Some of0 a target thickness of 810" atoms/cr and target length
previously reported experimental results are also includece ¢cm in the present work, two-step single-electron transfer
The magnitude of the present theoretical results appears tt8s been found to be larger than double-electron transfer. At
lie between the present measurements and those of Ebel afdollision energy of 3.0 keV and under a target thickness of
Salzborn[5], but the energy dependence is much closer td X 10'? atoms/cm, while the intensity ratio(I”/1*) of
that of the present experimental trend. Since theaeative-  direct-double electron transfer evaluated is found to be
ion channel crosses many high-lying single-transfer channels.65x 10°, that of successive single-electron transfer is
which the present theory did not consider, the present calcu?.5X 10 %—that is, about half of the direct double transfer.
lation is likely to overestimate the double-transfer cross secHence, we suspect that Ebel and Salzb&lnmay not have
tion. In the present collision energy domain below keV, thefully eliminated the influence from successive single-
ladder-climbing mechanism, or sequential two-electrorelectron transfers on direct double transfer. In our measured
transfer, for double transfer should be more probable tharesults, the double-electron-transfer cross sedtian) was
direct double transfer. Indeed, the present result indicates tHeund to be 3.3 10728 cn?? at 3.0 keV. If the cross section
importance of the two-step electron transfer. of direct double-electron transfer was evaluated from the
The experimental results by Gruebkgral. [6] and Ander-  sum of total intensity of direct double-electron transfer and
sonet al. [7] are found to be much larger than those of thesuccessive single-electron transfers, then the apparent cross
present study. Both of them have been measured by using tisection for double-electron transfer becomes 1.5 times larger
fraction method in target density region with a density ofthan that of the present direct double-transfer result. The
10'% atoms/cm. The experimental values by Ebel and cross section of the direct double-electron transfer by Ebel
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and Salzborn5] is reported to be about 2.6 times larger thansections because of the near-resonant condition from small
that of the present result. This large difference cannot béonization energy of alkali metals, while double-electron
rationalized only by the contributions from successivetransfer becomes much smaller because of larger energy de-
single-electron transfer. As indicated by Ebel and Salzborfects due to double-ionization energies. It may be reasonable
[5], another possible source of error is an admixture of NeUhat an accurate measurement of the double-electron-transfer
tral hydrogen atoms in the primary beam entering the alkali¢;oss section cannot be possible without performing a simul-
metal-vapor electron-transfer cell, which would also in-taneqyus energy analysis. Qualitative and quantitative com-
crease the apparent cross section. Only 2% of hydrogepa isons of the calculated results with experiments for
{aiéo?f—s/:TflEdiﬂénﬁ%ﬁrzgtgfﬂ1b§a1n8r'sn\fvrﬁiﬁeisthfaigﬁgfégr ouble-electron transfer would become possible using the
from the cro);s section. of 1 8>'< 10-18 ¢ under the target presept reliable cross ;eqtion_s and' prpvide deeper under-
0- : standing of dynamics. Similar investigations of other mem-

thickness of 5< 10'? atoms/cm. Since the length between fthe alkali | and alkali h d
the ion source and the target chamber of 2 cm in the presert?ters of the alkall-metal and alkall-earth atoms are underway.

experiment is much shorter than that in the experiment of

Ebel and Salzborfb], we believe that these causes may also
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