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Symmetric-charge-transfer cross sections for gadolinium in the energy range 10—1000 eV
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The cross section of symmetric charge transfer between Gd and Gd+ as a function of impact energy

(velocity) in the range of 10—1000 eV (3.5X10 -3.5X10 cm/sec) was successfully obtained by a
crossed-bean technique, which featured a pulsed ion beam produced by laser photoionization in an

atomic gas beam. The absolute values and the impact-energy dependence of the cross sections were ob-

tained from the attenuation rate of the primary ions in the atomic gas and the ratio of the detected
charge transferred ions to the primary ions, respectively. The cross sections obtained are larger than

those of other elements studied in the past, and the impact-velocity-cross-section curve could be fitted

with that obtained from the superposition of the resonant and capture-type probabilities resulting in

charge transfer, assuming that the capture-type cross section is inversely proportional to the impact ve-

locity.

PACS number(s): 34.70.+e, 82.30.Fi

I. INTRODUCTION

Symmetric charge transfer between an atom and a pos-
itive atomic ion has been investigated in detail both ex-
perimentally and theoretically since the 1930s [1]. The
features of the cross-section-impact-velocity curves ob-
tained experimentally can be interpreted by theoretical
calculations. These symmetric charge-transfer cross sec-
tions are well explained by resonant processes. However,
in spite of the seeming abundance of investigations on
symmetric charge transfer, the experimental data, espe-
cially for elements with complicated electron
configurations, such as transition elements, are still scan-
ty, and none are available for elements except for hydro-
gen, alkali-metal, alkaline-earth, and rare-gas elements.
The present work has been motivated by the lack of data
and additionally by the significance of this collision in
atomic vapor laser isotope separation (AVLIS) for metal-
lic elements [2]. In AVLIS, the charge-transfer collisions
between selectively laser-photoionized target elements
and major elements in a metal gas reduce the selectivity
that is the enrichment factor of the target elements, be-
cause charge-transferred major elemental ions are also
collected. Therefore, the cross sections of charge transfer
for metallic elements are crucial to estimating feasibility
for AVLIS. The present paper gives the cross section of
the symmetric charge transfer in the range 10—1000 eV
for gadolinium, which is useful as a burnable poison in a
fission reactor. This was obtained by a crossed-beam
technique which featured a pulsed dense ion beam pro-
duced by laser photoionization.

II. EXPERIMENTAL METHOD

In standard experiments that measure the charge-
transfer cross section for a metallic element, a crossed-
beam apparatus is used, in which the cross section is

determined from the ratio between the numbers of
charge-transferred ions and the injected primary ions. In
such a device, charge-transferred ions stream in the same
direction as the primary atoms after the interaction. The
charge-transferred ions must be separated from the pri-
mary atomic beam after they leave, requiring that the ion
detector s gain, coupled with the collection efficiency, is
absolutely calibrated. On the other hand, for a gas ele-
ment, an attenuation method is standard, by which the
cross section is determined from the attenuation rate of
the injected primary-ion beam through the atomic gas.
Although, in this case, the product of the collision length
and the atomic gas density is sufficient for measurement
of the attenuation rate of the injected-ion beam, the
current ratio between the injected- and attenuated-ion
beams allows determination of the cross section and,
therefore, absolute sensitivity is not required from the
detector. We have used both the former and latter tech-
niques to determine the degree of dependence of the cross
sections on the impact energy in the range of 100—1000
eV, and to measure the absolute cross section in the ener-

gy range 10—200 eV, respectively. We also found that
these two measurements are interconnected.

The crossed-beam technique used in the present work
is reported in detail in Ref. [3]. Here we present only a
brief explanation for the experiment

Gd++Gd~Gd+Gd+ .

A high-density beam of metallic atoms was produced by
vaporization in a crucible located in the first of two
differentially pumped vacuum chambers. Fifty grams (50
g) of Gd metal in a 10-cm Ta crucible was heated with
an electron-beam gun (1830—1900 K at a power density
of 340—450 W/cm ). A schematic view of the crossed-
beam apparatus to measure charge-transferred ions is
shown in Fig. 1(a). The apparatus was located in the
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second chamber. The neutral beam emerged from an
orifice in the wall separating the first and second
chambers and passed through a collimating aperture in
the wall of a box isolating the beam interaction region.
As the beam (labeled Bl in Fig. 1) proceeded into the in-
teraction box, it first passed between a pair of paralleled
deAecting magnets used to remove charged particles com-
ing from the crucible and accompanying the atoms in the
beam, after which the atomic beam was crossed by a
pulsed ion beam in an interaction region. The ion-beam
source was produced by photoionization in the other
atomic beam (B2 in Fig. 1). The atomic beam for the ion
source was generated in the same crucible as that for the
atomic beam B1 and emerged through another aperture
from another orifice located adjacent to the above-
mentioned aperture and orifice, respectively, after which
the atomic beam was partially photoionized by focused
ArF pulsed laser light. The laser energy was 100 mJ, the
pulse duration 21 nsec, and the repetition rate 30 Hz.
Ions produced were extracted from the atomic beam B2
by a static electric field applied between a pair of elec-
trodes, located on either sides of the laser-beam-atomic-
beam interaction region, and focused as a pulsed-ion
beam on the atomic beam 81 by means of an ion lens.
The ion-beam-atomic-beam interaction region was
shielded by a pair of plates located on each of its both
sides. The ion lens was simply constructed by an aper-
ture in one of the electrodes and a meshed aperture in the
plate. Before a collision experiment, the species of the
ion beam was identified by a Q-mass filter located
through a hole on the far plate. The number of ions to
collide with the atomic beam 81 was monitored by means
of a collector plate, which could be positioned in place of
the far shielding plate, connected to a data-acquisition
system. Ious produced by charge-transfer collisions
stream upwards as fast as the atoms in the beam B1.
They were focused by an ion lens located above the in-
teraction region and guided toward an ion detector [a
ceramic electron multiplier (CEM)] by a static electric
field applied by curved grating electrodes. To identify the
detected ions, a shutter was located between the orifice
and the aperture in each atomic beam ($1 and S2 in Fig.
1). The signal of charge-transferred ions was not ob-
served when S1 andior S2 were closed. Pulsed noise in-
cluded in the primary ion signal due to residual gas and
cw noise in the charge-transferred ion signal due to
charged particles (mainly electrons) in atomic beam Bl
were measured by closing S2 and S1, respectively. The
atomic-beam density was monitored by a vapor monitor
located above the region of laser-beam-atomic-beam in-
teraction.

The schematic view of the apparatus to measure the at-
tenuation of the primary ions is shown in Fig. 1(b). The
configuration is essentially the same as that shown in Fig.
1(a), except that atomic beam Bl is so large that the at-
tenuation of the injected primary ions in the atomic gas is
measurable. The atomic beam could be switched by a
shutter located between the orifice and the aperture, and
the injected ion beam was measured with the shutter
closed. The ion beam passed through the atomic gas and
impinged on an ion collector. The detection surface of
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FIG. l. Schematic views of the apparatus for measuring of
charge-transfer cross sections using a crossed-beam technique.
The two atomic beams emerged from orifices on the floor
separating the first and second chambers. The crucible and
electron-beam gun for atomic vapor production are located in
the first chamber (not seen in this figure), which is situated
below the second chamber. A laser beam is injected into one of
the atomic beams, which photoionizes it, and the ions produced
are extracted and focused onto another atomic beam. Both (a)
the charge-transferred ions and (b) the attenuation of the pri-
mary ions are measured. In (a) the charge-transferred ions are
guided by curved electrodes through an ion lens, and are detect-
ed by a ceramic-type electron multiplier. In (b), the injected pri-
mary ions and the attenuated ions are alternately detected by a
Faraday cup, closing and opening a shutter for the atomic-beam

gas, respectively.
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the ion collector was designed to be large enough for all
of the ion beam, which was subject to spreading by the
space-charge effect, ta be detected. The noise level of the
ion-collector signal was created by mainly secondary elec-
trons emitted fram the electron-beam-heated vapor
source in the crucible, because of the use of the large
orifice and collimating aperture. The noise level fluctu-
ates with the same frequency as the thyrister that con-
trols the current of the electron-beam gun. In order to
reduce the effect of the noise, the primary-pulsed-ion-
beam injection, that is, the laser-light irradiation, was
triggered at the same frequency (60 Hz). The atomic-
beam density was monitored by a vapor monitor in the
atomic gas bearD.

The atomic-beam density n was determined by the
beam flux f and the atomic-beam velocity U, with
n = f /U. Atomic-beam flux was measured with a vapor
monitor (quartz oscillator type}, which is a calibrated
commercial device. The thermal velocity of the atomic
beam was obtained by the temperature of the atomic va-

por source, measured by an ir radiation thermometer. By
measuring the beam sizes at the interaction region and
the position of the vapor monitor, the density at the in-
teraction region was successfully obtained from that at
the vapor monitor. The interaction length, that is, the
target length, was obtained by a separate measurement of
the density profile for the atomic beam that coated a glass
plate that was located at the interaction region.

All ion-current signals from the apparatus mentioned
above were digitized after adequate amplification and
transferred into a microcomputer. Quick data acquisi-
tion is crucial in these crossed-beam apparatus, because
the reduction of material in the crucible sensitively affects
both the atomic-beam density and collision length. A re-
petitive pulsed laser combined with a fast-response digi-
tizer makes it possible to reduce the acquisition time re-
quired to obtain one dependent set of data to a duration
shorter than the characteristic beam-source reduction
time.

III. APPARATUS TEST

As mentioned above, the signal from the CEM is surely
for ions generated by the collisional process at the in-
teraction region of crossed beams, because no signal was
observed when atomic beams Bl and/or B2 were turned
off by closing shutters Sl and/or S2, respectively, or the
laser irradiation was turned off.

Besides charge-transfer collisions, there are possible
collisions which allow some ions to flow into the CEM as
in the case of the method used to measure charge-
transferred ions, or which affect the number of primary
ions that reach the collector through the atomic gas as in
the case of the attenuation method; these include (a) elas-
tic collision, (b) Coulomb collision (ion-ion, ion-electron),
(c} electron-impact ionization, and (d) recombination
(three-body photon and electron). Possibilities (c}and (d}
can be ignored because of small cross section ((10
cm ) and low electron density in the atomic beam. For
possibility (a) the cross section can be estimated to be ap-
proximately 1.8X10 ' cm, assuming that the elective

0
radius of the Gd atom is equal to that of uranium, 2.4 A
[4]. The cross section of collision (b), by which the inject-
ed primary ions are scattered out of the ion collector for
the attenuation method, is calculated to be approximately
3.8X10 ' c. for Gd++Gd+ and 9.4X10 ' c. for
Gd++e, where e is the impact energy in eV. These cross
sections are less than the cross sections obtained (men-
tioned later) in the range 10—1000 eV. Additionally, the
ion density in the atomic beam is much less than the
atomic density. Therefore, it can be concluded that the
cross sections obtained are for charge-transfer callision.

In order to test the function of the present apparatus
and to gain the confidence for its use, we have measured
an element whase cross sectian has never been studied in
another work in the past. The metallic elements studied
most intensively are alkali metals, and alkaline-earth ele-
ments also have been measured, though much less inten-
sively than alkali-metal elements. The present technique,
by which the atomic beam is produced by electron-beam
heating and the ion beam is generated by ArF-laser pho-
toionization, cannot be applied to alkali-metal elements
without any modification (such as Joule heating with
tungsten-resistance and well-tuned dye lasers) because
melting points of alkali-metal elements are much lower
than that of Gd, and well-controlled vaporization is
dif6cult, and, additionally, the alkali-metal elements that
have no autoionization levels cannot be ionized by a sin-
gle photon of the ArF laser. For this reason, we have
chosen the alkaline-earth element Ca as the test element.
It is even difBcult to control the vaporization of Ca.
Therefore, the number of energies at which the cross sec-
tions can be measured is limited, while the dependence
for Gd was almost continuously measured, because the
number of laser shots must be sufficient for the effect of
atamic density fluctuation to be averaged. Absolute mea-
surement by the attenuation methad was also done at
only one fixed energy, 100 eV.

Seven grams (7g) of Ca metal in a 10-cm Ta crucible
was used, and the power density of the electron beam was
40 W/cm . As will be mentioned later, the cross sections
of Ca obtained show fairly good agreement with the re-
sult of the experiment done by Panev et al. [5] and
theoretical prediction [1]. Technical confidence in the
present apparatus was obtained.

1 No(s) = ——ln
nl N~+ N

1 N= ——ln
nl No

where N~, N, and No are the numbers of the charge-
transferred ions, the attenuated ions, and the injected pri-
mary ions, respectively, n is the number density of the
atomic gas beam, and 1 is the collision length along the
ion-beam path. In the apparatus shown in Fig. 1(a},
a%~ and N ( =No } were measured simultaneously with
100 (Gd) and 500 (Ca) laser shots at each impact energy,
where a is the detector's gain coupled with the collection
efficiency. n was 10' cm (Gd) and 10" cm (Ca) and

IV. RESULTS

The charge-transfer cross section o(s} at impact ener-

gy c is obtained from



45 SYMMETRIC-CHARGE-TRANSFER CROSS SECTIONS FOR. . . 255

I was 3.2 mm. In the apparatus in Fig. 1(b), No and N
were measured alternatively with 2000 (Gd) and 10000
(Ca) shots for each energy, under the conditions of
n =10" cm and 1=85 mm. In both cases, the ion-
beam energy e was changed by the potentials applied on
the electrodes for ion-beam extraction from the ion
source.

Before measuring the cross sections, the dependence of
the quantity of charge-transferred ions on collisional
length (nl) was measured in order to verify that the ion
signal is really due to the collision events in the crossed-
beam region. Here the atomic-beam density n was
changed. Figure 2 shows NcT/No versus n for the Gd
experiment with the crossed-beam apparatus. The pro-
portionality of NcT/No to n was clearly seen, thereby
supporting the relation NCT =Npn cr l.

In Fig. 3 the measured cross sections are shown. For
Gd the scatter of data obtained by the attenuation
method [open circles in Fig. 3(a)] is due to the small at-
tenuation of the primary-ion beam (3-S%%uo). However,
the absolute values of the cross sections were successfully
measured without any assumption on other atomic data.
As shown in Ref. [3], a ( =11%)can be calibrated, and
the cross sections obtained with the measured u were suc-
cessfully correlated with those obtained using the at-
tenuation method. Here, however, the energy depen-
dence obtained by charge-transferred-ion measurement
was coupled with the absolute values of the cross sections
obtained using the attenuation method, in the energy in-
terval 100-200 eV, because the cross sections obtained
using the attenuation method are more reliable than
those by the charge-transferred-ion measurement.

It should be noted that the atoms and ions in the
present beams do not lie in the ground state, but rather in
some excited state close to the ground state. The charac-
teristics of the atomic and ion beams are determined by
the production process, that is, atomic vapor production

10-12 1 10

impact energy (eV)

10 10

(a)

10

1p-14
10 106

impact velocity (cm/sec)

10'

10 ",1

Ii

10

impact energy (eV)

10 10
I I I I IlII[ I I I I IItli l I I IIIII) I I I I III

(b)-

0
Q

EA
C
CCj

CO

CCI

O

1p-14

~ J ~ ~ ~ ~

~ ~ ~

)o)op~ ~ ~

by electron-beam heating and subsequent ion production
by laser photoionization. The primary atoms are emitted
from the high-temperature liquid in the crucible, and
may be collisionally excited. The temperature of the Gd
atomic-beam source (1900 K) measured by an ir radiation
thermometer allows us to calculate that the atoms are
populated by collisional processes into the states of
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FIG. 2. Dependence of the quantity of charge-transferred
ions, N~ INC, on the collisional length (nl) at an impact energy
of 300 eV for the Gd experiment with the crossed-beam ap-
paratus. The proportionality of NCT/No to n was so clearly
seen that it supports the relation NCT =Non crl.

impact velocity {cm/sec)

FIG. 3. (a) Dependence of charge-transfer cross section in
Gd-Gd+ collisions on impact velocity (energy). Solid circles
and open circles in the shaded area were obtained by measure-
ment of the charge-transferred ions and of the attenuated
primary-ion beam, respectively. For solid circles, the fluctua-
tion of data in each laser shot is smaller than the size of the
symbols in the figure. A dashed line denotes the calculational
result for resonant charge transfer (Ref. [1]);a solid line is the
result of a simple superposition of the resonant and capture-type
probabilities resulting in charge transfer. (b) Dependence of the
charge-transfer cross section in Ca-Ca+ collisions on impact ve-

locity (energy). Solid circles and an open circle with an error
bar were obtained by measurements of the charge-transferred
ions and of the attenuated primary-ion beam, respectively. A
dashed line denotes the calculational result for resonant charge
transfer (Ref. [l]). The thick solid line shows the experimental
result obtained by Panev er al. (Ref. [5]).
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4f 5d6s29D2 (ground state), D3 (215 cm '), 9D4 (533
cm '), D5 (999 cm '), and D6 (1719 cm '} [6] in the
ratios of 20%%uo, 23%, 23%, 20%, and 13%, respectively.
The internal energy of the atom is, therefore, in the range
0—0.21 eV. The photon energy of the ArF laser is 6.42
eV, which is 0.27 eV higher than the ionization potential
of the Gd-atom ground state. Consequently, the internal
energy of the ions produced in the atomic beam by laser
photoionization (autoionization} is considered to be, at
most 0.48 eV in the present experiment. In the range
0—0.48 eV, there are the Gd H states of

7 10 8f 5d s D5/2, 7/2, 9/2, 11/2, 13/2 D3/2, 5/2, 7/2'
4f 6s S7/2 [6]. However, these characteristics do not
influence the resonant-charge-transfer cross section more
than the accuracy of the present result [7].

the above equation. For example, j b,o/o ~=0. 10 for
cr=3X10 ' cm and 0.80 for 3X10 ' cm . These are
shown by error bars in Fig. 3, and correspond to the full
width at half maximum of the static distribution of mea-
sured values (2000 data points at each velocity). On the
other hand, the relative uncertainty of the cross section
obtained using the method of charge-transferred-ion mea-
surement is given by

Sn ~t ~(N~/N }

a n I NCT/N

hn bi
n I

and this value is estimated to be 0.03.

V. UNCERTAINTIES IN THE RESULTS

The cross sections were determined by the values of
N/No, n, and 1. Note that the absolute value of N~ is
not necessary here, as was mentioned above. The accura-
cy of the measurements of these values cause the uncer-
tainties in the obtained cross sections. The uncertainties
of the cross section measured by the attenuation method
is given by

ho ( hn bl
o n I

~&0
N No

ln
N

0

1+2 ln
&o

An hl
n I

In the present experiment, the atomic-beam density was
measured with the vapor monitor, which has a time reso-
lution of only 2 sec. In a separate experiment, the
atomic-density fluctuation was investigated by measuring
the fluorescence from the atomic beam, which was in-
duced with a cw dye laser. The energy intensity of the
fluorescence fluctuated in the range of +1%. This means
that ~b, n/n

~

=0.01, because the cw-laser power fluctua-
tion is much less than it is. Concerning the interaction
length, that is, the atomic-beam width, it is not sensitive
to the atomic-beam density, and its fluctuation is negligi-
ble, while the measurement accuracy is +1%. Then,
~b, l/1

~

=0.01. As a result, the uncertainties in the cross
sections are dominantly determined by the first term in

In the present apparatus the ion beam is produced by
laser photoionization in an atomic beam. The laser
power is so high that its fluctuation does not affect the
ion-beam density, and the ion-beam density fluctuates as
much as the atomic-beam density. Though both the in-
jected primary ion beam and the attenuated ion beam can
be accurately measured, they cannot be measured simul-
taneously. During each measurement the atomic-beam
density is probably changed. Therefore the uncertainties
of the ion beams, ~bN/N~ and ~END/No~, should be
equal to that of the atomic-beam density,

~

An /n
~

Then, .

VI. DISCUSSION

The present results were compared with cross sections
of other elements investigated experimentally in many
studies since the 1930s [1], and with the cross-
section-impact-velocity curve obtained by calculating
resonant processes. The cross section for resonant charge
transfer at low velocities in the collision of an ion X+
with the corresponding neutral atom X are determined
mainly by the potential curves of the low-lying states of
the molecule X2+, which is formed temporarily during
the collision. These potential curves are significantly re-
lated to the ionization potential of the neutral atom X.
Figure 4 shows the cross sections of elements investigated
in the past as a function of their ionization potentials, at
impact velocities of 1X10 and 3.5X10 cm/sec [1].
From the correlation, the cross section cr can be related
to the ionization potential I by o =era(I/Io) ', where
oo=(3.9-7.5) X10 ' and (2. 1-5.1}X10 ' cm2 at
1 X 10s and 3.5 X 10 cm/sec, respectively, and

ID = 13.559 eV. The present cross section for Gd is about
5 times larger than that predicted by this relation at
1 X 10 cm/sec, while the cross section is relatively close
to it at 3.5X10 cm/sec. On the other hand, the cross
section of Ca at each velocity is nearly equal to that given
by this relation. The cross-section-velocity curve for res-
onant charge transfer was calculated using the impact-
parameter and close-coupling methods using the
Hartree-Fock-Slater wave function [1]. The reasonable-
ness of this calculation can be seen in Fig. 4, in which the
calculational results for all nontransition elements are in-
cluded and are in fairly good agreement with experimen-
tal data. The result is given by a dashed line in Fig. 3.
The present experimental result for Gd shows not only a
larger cross section than the prediction, but also a
difFerent impact-velocity dependence, while that for Ca
shows good agreement with prediction. Especially for
Gd in the low-velocity range, the cross section is inverse-
ly proportional to the impact velocity.

For Gd, when the charge-transfer cross section is as-
sumed to result from both a resonant process and some
capture-type process, of which the cross section is in-
versely proportional to the velocity, the cross section is
given by [8]
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o. =nb. 22+(m. /2)(bf b—2)S(b, b—2),
1 (x )0)S''=o( &0),

where b, and bz are impact parameters at which the
probabilities of charge transfer become zero; these pa-
rameters are related to the cross sections of resonant and
capture processes by

o „=(~/2)b f, cr, =m'b z
= 2 /U,

respectively, where A is a constant. %hen A is deter-
mined so that o. agrees with the experimental result at
low velocity, the O. -U curve fits the present result well in
all of the present velocity ranges [solid line in Fig. 3(a)].
It is well known that Langevin capture [9] becomes dom-
inant in the electron-transfer process, in the low-energy
region, i.e., thermal to a few electron volts, and the cross
section O.

L is related to the relative kinetic velocity U,

rJL =n(2e a.)' /U,

where e is the electron charge and a is the polarizability
of the neutral. Ifo, =OL, for Gd, a=2.9X10 A . This
value is about 4—5 orders magnitude larger than those of
atoms studied in the past [10].

The cross section for uranium measured by Niki et al.
[11]is also several times larger than that predicted by the
resonant-charge-transfer process. Mizushima explains
this large cross section as follows [12]. The ground state
of the U atom is the Sf ( I)6d7s L6 state, where the
core electrons, including 5f, are coupled to be in the I
state [13]. Only 0.08 eV above the ground state is the
lowest excited state, which is the Sf ( H )6d7s E5 state

[13]. Although the matrix element of the collision energy
between these two core states may be small, the very
small energy difference must make the transition between
these two core states very easy. Thus, the U gas can be
regarded as a mixture of two kinds of U atoms (and ions)
with I and 0 cores. In the U ion the ground state is
5f ( I )7s I~, though the lowest excited state is

Sf ( I)617s L5, with an excitation energy of only 0.04
eV [14]. Thus, the ionization produced by removing a 7s
electron is as important as that produced by removing a
6d electron. Distinguishing these two kinds of U atoms
or ions, and considering that one of the 7s electrons con-
tributes to charge transfer in the same way as the 6d elec-
tron, eight processes between U and U+ are actually ob-
served, and the cross section must be about eight times
that of the individual process, as the cross sections of
eight processes are nearly equal to each other.

This successful theoretical model, however, cannot be
applied to the explanation of the present result for Gd.
The ground state of the Gd atom is 4f ( S)5d6s D2
state, and in the excited states, the state of the core con-
sisting of seven 4f electrons is only S. The Gd atom has
only one kind of core state. In the Gd ion the ground
state is 4f ( $)Sd6s '

Dszz, and the excited state of
4f ( S)6s S7&z can be seen 0.427 eV above the ground
state, which is much higher than that of the U ion.
Therefore the enlargement of the cross section seen in the
U case is impossible in the Gd case.

If the assumption using Langevin capture is applied to
the U result, it gives a=3.5X10 A . It cannot yet be
concluded that the polarizabilities for gadolinium and
uranium are so large that they are sensitive to collision in
the present velocity range. However, more detailed stud-
ies of the polarizabilities of transition elements and their
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FIG. 4. Cross sections investigated in the past as a function of the ionization potentials of elements at impact velocities of (a)
1 X 10 and (b) 3.5 X 10 cm/sec (Ref. [1]). Open circles and +'s are from the compiled experimental data and calculational results in
Ref. [1],respectively; triangles and solid circles are the present results for Gd and Ca, respectively.
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sensitivity to collision processes necessarily should be
continued.

VII. SUMMARY

The cross section of symmetric charge transfer between
atoms and positive atomic ions for Gd as a function of
impact energy in the range 10—1000 eV was obtained by
a crossed-beam technique, which featured a pulsed ion
beam produced by laser photoionization in atomic gas
beam. Coupling the technique of charge-transferred-ion
measurement with the primary-ion-attenuation method,
the cross sections were successfully measured without
any assumption or any atomic data. The test measure-
ment of Ca lent confidence to the present measurement
technique. While the obtained cross sections of Gd in the

range 1.5X10 —3.5X10 cm/sec are close to that pre-
dicted by the resonant process, the cross sections in the
range 3.5X10 —1.5X10 cm/sec are inversely propor-
tional to the impact velocities. The cross-section-velocity
curve fitted well with that obtained from the superposi-
tion of the resonant and capture-type probabilities result-
ing in charge transfer.
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