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1. Introduction

Charge transfer of hydrogen ions and atoms has been
reviewed"” several times in the past 25 years, primarily for
gas targets. Much of the research on charge transfer in met-
al-vapor targets has been done in recent years, and has only
been reviewed in conference proceedings.>® A recent un-
published report has compiled experimental cross sections,
but provided no evaluation.” Charge transfer in metal-vapor
targets is a topic of particular interest: electron-capture cross
sections can be very large, and very high yields of metastable
hydrogen atoms and of negative hydrogen ions can be pro-
duced.

Data on charge-transfer collisions of hydrogen ions in
metal vapors are important for a variety of applications in
atomic and nuclear physics. Negative hydrogen ions are of-
ten used in accelerators: they are required for tandem elec-
trostatic accelerators, and extraction from circular accelera-
tors is easily accomplished by conversion to positive ions in a
foil. Also, circular accelerators can be loaded with positive
ions formed by stripping fast negative ions. Charge-transfer
collisions are used in some polarized ion sources®: Lamb-
shift sources require a large yield of metastable hydrogen
atoms; atomic beam sources require conversion of polarized
positive ions into negative ions; colliding-beam sources use
electron attachment to form H™; and optically pumped
sources use electron capture of polarized electrons to form
polarized H atoms. Polarized H atoms can be converted to
H™ for subsequent acceleration by charge transfer in metal-
vapor targets. A new technique, collisional pumping,’ also
uses charge transfer in a polarized alkali-vapor target. An-
other area of application of negative hydrogen-ion produc-
tion is neutral-beam heating of magnetically confined plas-
mas of fusion interest. In this case, H™ ions are accelerated
to high energies, where conversion to fast atoms can be effi-
ciently accomplished by collisional- or photodetachment.

In many cases, data for metal-vapor targets exhibit
larger discrepancies than gaseous-target data. Consequent-
ly, an informed, evaluated compilation of available data is
important and, because of many present-day applications,
especially timely.

The purpose of this report is to compile, evaluale, aud
present experimental and theoretical results for charge-
changing collisions of hydrogen ions and atoms (H*, H°,
and H™) in metal-vapor targets including the alkalis (Li, Na,
K, Rb, Cs), the alkaline-earths (Mg, Ca, Sr, Ba), and the
group IIB metals (Zn, Cd, Pb). Data are reported in two
forms: total cross sections and charge-state equilibrium frac-
200 €V/u to 400 keV/u; theoretical results are presented
over the range 10 eV/u to 300 keV/u. Definitions of the data
are given in Sec. 2. On the basis of considerations discussed
in Secs. 3 {experimental approach) and 4 (theoretical meth-
ods), the accuracy of all data have been assessed (see Sec. 5).
The cross sections and equilibrium fractions are presented in
Sec. 6, and recommended values are given.
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2. Systematics of Charge Transfer

The behavior of charge-changing collisions between hy-
drogen ion or atom beams and a target can be described by a
set of coupled linear first-order differential equations,

[dF\(m)]/dm = ¥ Fy(mo; — 3 Fi(n)o,; . (1)

where 7 is the target thickness (atoms cm™2), F,{n) is the
fraction of the hydrogen beam in the ith charge state at target
thickness 7, and o,; represents the cross section for the
charge-changing processes H—H/, where /, j = +,0, — .

Two limiting cases exist. First, if the target is tenuous
enough, the probability of a second collision becomes negli-
gible. Under these circumstances, denoting 7 as the incident
component, we have from Eq. (1),

[aFy(m)]1/dm = — 3 Fi(a)o;;
J

and

[dF,(m)]/dm = F(ma, . 2)
Since F; =~ 1 for this case, the charge-changing cross sections
can be obtained directly from the slope of the measured lin-
ear relationship between the charge-state fractions and .
Second, if the target is very thick, the charge-state composi-
tion of the beam after passage through the target will remain
constant as 7 is increased further. In this case [dF;(7)])/
dm = 0, and the constant value of F; is designated the equi-
librium yield F;*, i.e.,

lim Fi(m)=F,>;
F * is independent of the charge-state distribution of the
incident hydrogen beam. By definition

D Fm=3YF~=1

Under these conditions, Eq. (1) becomes

F,.°°=(§j:Fj°° aﬁ)/(;a,.j). (3)

Under certain conditions. equilibrium fractions can be
expressed quite simply in terms of relevant cross sections.
For example, below about 10keV/u, the H* fraction is often
quite small in a thick metal-vapor target and may be neglect-
ed. Under these circumstances, Eq. (3) combined with the
conditions F_ + F, = 1 yields the relations

F2 =0,_/log_ +0_o)
and

Fo=0_¢/loo_+0_0)- 4

These simple relations may be used to check consisten-
cy between cross-section and equilibrium-yield measure-
ments, and to estimate the magnitude of an unmeasured
cross section or equilibrium fraction.

For values of 7 between the two limiting cases discussed
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above, multiple collisions occur and the charge-state distri-
bution varies nonlinearly with 7. F;(7) is often monotonic
with 7, but there are systems in which this is not the case. An
example is the fraction F for fast H™ incident on a target; F,,
reaches a maximum for some value of 7, then decreases with
increasing target thickness, eventually reaching a (lower)
equilibrium value. Another example is when atomic excited-
state fractions in the beam are non-negligible. Low-energy
collisions between hydrogen beams and metal vapors pro-
duce non-negligible fractional yields of metastable H(2s)
atoms, F,,, which are created by electron capture but are
easily de-excited in subsequent collisions.

In some cases a quantity called the optimum conversion
efficiency is measured. Unlike equilibrium fractions, it is an
apparatus-geometry-dependent quantity defined as the frac-
tion of the beam in a charge state leaving the target relative to
the incident beam. It is equivalent to F* only if all of the
scattered beam is collected. It can be shown that optimum
conversion efficiencies are lower bounds to equilibrium frac-
tions.’

3. Experimental Approach
3.1. Apparatus

The purpose of this section is to acquaint the reader
with the experimental techniques used to measure the data
presented in this report. A schematic of a typical apparatus
for measurement of charge transfer in a metal-vapor target is
shownin Fig. 1. A momentum-analyzed beam of H* or His
incident on the target. For H° measurements, the ion beam is
neutralized in the gas cell before reaching the target. The
beam after the collision is charge-state analyzed in a magnet-
ic or transverse electric field, and the charge-state compo-
nents detected.

Various targets are used for charge-transfer measure-
ments in metal vapors: heated ovens, '® thermal beams, ! jets,
and heat pipes.'? Target density is usually inferred from the
temperature by use of vapor-pressure data'?; absolute cali-
bration is possible, however, by optical absorption'*!* or by
ionization of (alkali) atoms by surface ionization.'®!’

Ion-beam intensities are usually measured using Fara-
day cups with secondary-electron suppression; single-parti-
cle detectors can also be used. The flux of neutral atoms can
be measured by several methods, the most common being
secondary-electron emission'® and . bolometric detec-
tion,'®?% e.g., pyroelectric. Single-particle detection can also
be used. '

Apparatus for measuring thick-target yields in a metal

ELECTROSTATIC

ANALYZER FAgﬁgAY
+NEUTRALIZER \ H-
H /‘\ I /—\ .l I HOQSTOM
= DETECTOR
T U ﬂ\H\g
METAL - VAPOR
glvlv_:!i%P TARGET FARADAY
cupP

F1G. 1. Apparatus for measurement of charge transfer in metal-vapor tar-
gets.

vapor is generally similar to that used for measuring cross
sections. Target and detector design are, however, quite dif-
ferent for the two kinds of measurements. For equilibrium-
yield measurements, nearly all particles have undergone sev-
eral scattering and charge-changing collisions, which result
in equal angular distributions for all particles in the beam. In
this case it is not necessary to collect all of the scattered beam
from the target, but rather to collect the ions and atoms with
equal efficiency. This is accomplished by collimating the
beam after the target to an angular spread at the detector
that is smaller than the detector acceptance. In this case the
equilibrium fraction can be thought of as the fraction of the
beam in a specific charge state leaving the target relative to
the total beam leaving the target.

For cross-section measurements, where only a small
fraction of the incident particles undergo even one charge-
changing collision, it is essential that negligibly few scatter-
ing collisions take place which result in particles not reach-
ing the detectors. Scattering collisions include both elastic
and inelastic processes. This requirement generally necessi-
tates collimation of the beam before the target. Limited de-
tector angular acceptance sets a low-energy limit for cross-
section measurements for a given geometry. For collisions in
the low keV energy range, angular acceptances of greater
than + 1° are often needed.

3.2. Sources of Error
a. Cross Sections

Cross-section measurements require determination: of
incident and scattered particle intensities as well as the effec-
tive target thickness through which the beam passes. Sources
of error usually are

(1) inaccurate neutral atom intensity determination,

(2) insufficient collection of scattered beams (the angu-
lar acceptance of the detectors is too small),

(3) inaccurate knowledge of target thickness,

(4) inadequate accounting of the contribution of muiti-
ple collisions to the scattered intensity, and

(5) excited-state contamination of an incident neutral
beam.

A few examples will illustrate some of these difficulties.
If secondary-electron emission is used to detect neutral
atoms, calibration of the detector must frequently be moni-
tored during data collection, since the number of secondary
electrons emitted per incident particle depends on surface
conditions. Coverage of the emitting surface with metal
atoms effusing from the target, as well as changes in the
spatial distribution of the beam on the surface of the detector
as the target thickness is varied, can introduce non-negligible
changes in the secondary-emission properties.

There are several difficulties associated with an accu-
rate knowledge of target thickness. One complication specif-
ic to metal-vapor targets is the development of oxide films on
the metal which inhibit evaporation. Another is alkali im-
purities in alkaline-earth metals. The dominant impurities
present in the heavier alkaline-earths are alkali metals which
have a much higher vapor pressure at a given temperature.

J. Phys. Chem. Ref. Data, Vol. 14, No. 4, 1985
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Thus care must be taken to ensure that all target metals used
are of high purity. Other experimental concerns regarding
target thickness are the determination of the effective target
interaction length and accurate determination of the tem-
perature inside the cell responsible for the target pressure.

Measurements of two-electron-transfer cross sections
require careful consideration of competing two-step scatter-
ing processes. Consider H™ collisions with alkali atoms at a
few keV. Cross sections for two-electron capture in a single
collision, o, _, are of order 10~ cm? However, the two-
step collision process H*—H°—H™ has cross sections
0 o~10""cm?and g,_ ~ 10~ cm? In this case very ten-
uous target thicknesses, of order 10'> cm~? or less, are re-
quired to obtain accurate results for o, _. Measurements in
the range of 10"® cm ™2, a reasonable and typical value for a
large portion of the data presented, lead to serious overesti-
mates of the cross section in this case.

Production of energetic H® atoms by a charge-changing
collision of H* or H™ in a gas or vapor generally leads to an
unknown admixture of excited states in the H° beam. Elec-
tron-loss cross sections measured with H° projectiles pro-
duced by this method can be affected, because the cross sec-
tion for electron detachment from excited H® can be
considerably larger than that for the ground-state atoms.
Electron-capture cross sections are generally not affected by
a small excited-state H® admixture. A beam of primarily
ground-state H° atoms can be produced by photodetach-
ment of H™.'®

b. Equilibrium Fractions

Several of the difficulties discussed in the previous sec-
tion on cross-section measurements also apply to equilibri-
um-fraction measurements. In principle, measurement of
equilibrium fractions is simpler than that of cross sections,
since an absolute knowledge of target thickness is not need-
ed. What is required, however, is to ensure that the measured
fractions are independent of changes in target thickness over
a sufficiently wide range, to guarantee that the equilibrium
has been attained.

c. Excited States

The measurement of absolute cross sections and yields
for excited states of hydrogen atoms presents additional dif-
ficulties associated with the detection and collection effi-
ciency and the excited-state detector. In this report, data on
the formation of H(2s) and H(2 p) in electron-capture colli-
sions of H* are presented. Measurements of H(2 p) usually
requirc a crosscd-bcam apparatus. I1(2s) measurcments re-
quire an electric-field region to induce 2s—2 p mixing in order
to detect the metastable H(2s) atoms. The additional com-
plexity of these excited-state measurements plus the added
uncertainty in the absolute value of the measurements make
these data less accurate than simple charge-changing data.

Authors’ statements regarding consideration of the
sources of crror discusscd above were used in our asscssment
of the accuracy of the reported data.

J. Phys. Chem. Ref. Data, Vol. 14, No. 4, 1985

4. Theoretical Methods

For energies E < 10 keV/u, collision processes are best
described in a molecular framework. At higher energies the
atomic-orbital method is appropriate. The scattering wave
function is expanded in terms of molecular orbitals (atomic
orbitals) of the collision partners to obtain a set of coupled
equations which determine the scattering dynamics. The ac-
curacy of calculated cross sections is thus a reflection of the
basis set used to describe the dynamics of the collision.

Several procedures have been developed to calculate
cross sections. The most widely used method is the per-
turbed-stationary-state (PSS) coupled channel approach,?!
which employs adiabatic potentials and coupling matrix ele-
ments. The projected-valence-bond (PVB) method?” is simi-
lar to the PSS approach except that the calculations are
made within the adiabatic state formalism. A commonly em-
ployed approximate method is the multichannel Landau-
Zener (LZ) procedure,”*° which, if carefully applied, can
vield qualitative results.

4.1. Perturbed-Stationary-State (PSS) Method

In the PSS method, the coupled equations are obtained
from an expansion of the total wave function in terms of the
adiabatic molecular wave functions of the collision part-
ners.?! The heavy particles are assumed to move classically,
while the electronic motion is treated quantum mechanical-
ly. The first-order coupled equations involve the numerical
solution of the time-dependent Schroedinger equation. In-
put to the conpled equations are the potential energy differ-
ences and the radial (J /dR ) and rotational (L, } coupling ma-
trix elements between the various states. To obtain
meaningful results, the potential energies and wave func-
tions for the various channels must be of high accuracy.

For electron-transfer reactions, an additional compli-
cation is the fact that the transferred electron resides on dif-
ferent nuclei before and after the collision. The inclusion of
electron translation factors (ETF’s) remedies this problem.?
However, the proper form of the ETF’s has not been defined.
The inclusion of ETF’s is required for relative collision ve-
locities that approach the orbital velocity of the active elec-
tron (electrons) on the target atom. Atlow relative velocities,
the ETF’s can also be very important for highly nonresonant
reactions that are not mediated by a sharp curve-crossing
interaction.

The estimates of the accuracy of the various theoretical
calculations are based upon: (a} the quality of the molecular
interaction potentials and coupling matrix elements, (b) the
inclusion of the proper number of states to define the colli-
sion reaction, and (c) the incorporation of ETF’s for the high-
ly nonresonant collision processes.

4.2, Landau~Zener (LZ) Method

The LZ method is applicable to processes that are in-
duced by a curve crossing between reactant and product
states. The basic formula was presented almost simulta-
neously by Landau,?? Zener,?* and Stueckelberg® in the ear-
1y 1930’s. In order to apply the formula, onc nceds to know
the potential energy differences and slopes in the curve-
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crossing region between the interacting adiabatic potential
curves.

Deficiencies in the LZ model are several. The first prob-
lem is that the model poorly describes large-impact-param-
eter collisions that barely succeed in penetrating into the
curve-trossing region. In many cases, these large-impact-
parameter collisions make a major contribution to the cross
section. A second difficulty is the lack of an adequate proce-
dure to incorporate rotational coupling into the LZ formula.
Rotational coupling is velocity dependent and can be very
important, especially for systems with low reduced masses
(i.e., one species being hydrogen or its isotope), since even a

" moderate energy results in a large relative velocity. As with
any other theoretical method, the LZ procedure requires an
accurate knowledge of the interaction potentials. In many
cases this information is not present and must be gleaned
from approximate semiempirical models.?” The overall ac-
curacy of a LZ calculation will generally be in the factor of
2-3 range.

4.3. Quantum-Mechanical (QM) Method

Quantum-mechanical methods involve the numerical
solution of the time-independent Schroedinger equation,
and in general use the same input as the PSS method. In most
cases, the adiabatic potentials and coupling matrix elements
are transformed to a diabatic basis for ease of calculation and
the use of existing standard computer codes. The QM meth-
od is efficient at low velocities since the step size for the
numerical integration is inversely proportional to the\wave
number, kK = uv/#, of the collision. At high ve]ocitieéXt is
prohibitively expensive to use. Another application of‘\the
QM method arises at threshold energies when the cross sec-
tion is sensitive to the trajectory followed by the collision
partners. The PSS method may also be used in this region but
there is no unique way of characterizing a single trajectory
for a multichannel scattering event. The accuracy of the QM
method is determined by the same criteria as that of the PSS
method.

4.4. Atomic-Orbital (AO) Method

For higher energy collisions, atomic-orbital methods
are appropriate. This method consists of decomposing the
time-dependent electronic wave function into a set of travel-
ing atomic orbitals. These functions are used as the basis set
for the solution of the coupled differential equations repre-
senting the Schroedinger equation. A merit of the AO meth-
od is that there is no ambiguity in the choice of the form of
the ETF’5.8 As with the molecular-orbital method, the ac-
curacy of the cross sections depends on the basis set em-
ployed in the calculations.

5. Accuracy Assessments

In order to assign accuracy ratings and to select recom-
mended values, the original papers were reviewed to deter-
mine whether the data presented were subject to the errors
discussed in Secs. 3 and 4. In several cases, personal contact
and correspondence with authors was necessary in order to
clarify some points made in the original papers. In one case,

an author informed us that the original data were incorrect
and thus we have not included these results in the report. In
many cases, the results reported for a particular cross section
or equilibrium fraction differ substantially between investi-
gators. Our assessments of the accuracy of individual mea-
surements and calculations are based on careful consider-
ations of the available information, but it should be
emphasized that these assessments are estimates.

In the following tables and figures, data have been cate-
gorized into four groups according to their estimated accur-
acies. These are:

o éategory

Accuracy
(a) less than + 20%
(b) + 20%- + 50%
(c) + 50%- + 100%
(d) greater than 100%

Selection of the recommended data was based on these accu-
racy ratings.

6. Data Presentation and Recommended
Values

The data included in this report were identified mainly
through a computer survey of the literature carried out at the
Joint Institute for Laboratory Astrophysics Data Center.
Data presented at conferences and published only as part of
the conference proceedings have not been included, since in
almost all cases these data appeared in final form in a subse-
quently published paper in a recognized journal. Table 1
summarizes sources of cross sections and equilibrium frac-
tions for each target, giving the quantities reported, the ener-
gy range, and the assessed accuracy of the data. The infor-
mation is current up to the middle of 1984.

Results for hydrogen and deuterium projectiles are in-
termixed here. Hydrogen and deuterium projectiles at the
same velocity have the same total cross sections and yields
over the energy range considered; therefore results for deu-
terium projectiles are presented in this report as if the experi-
ment had been performed using hydrogen at one-half the
energy.

The original data are given as points in Figs. 2—-82. The
legend or caption of each figure identifies the reference from
which the data were taken and the estimated accuracy. The
recommended values are shown by solid lines in the figures.
Figures 83108 give composite presentations of the recom-
mended data, and Tables 2-11 give listings of these values.

A few cases arose where it was difficult to select a rec-
ommended value because of conflicting results between
what appeared to be equally reliable experiments or calcula-
tions. In these irreconcilable cases we have chosen recom-
mended values between the results as our best estimate, or
have made no recommendation.

Several cases exist for which there are no measurements
of equilibrium yields, e.g., H™ formation below 30 keV/u in
potassium or lithium vapors (Table 1). When results for equi-
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librium yields are not available, but information on optimum
conversion efficiencies exist, we present the latter as dotted
lines in the figures (see Sec. 2). Under these circumstances,
the data are of value since they indicate trends and should
provide a lower bound to the equilibrium yield.

Also, in Fig. 66 we present no original data, but do show
dashed lines indicating recommended values for the cross
sections, because these results were inferred rather than
measured. At low energies these values are inferred from Eq.
(4); above 15 keV, a high-energy approximation of o_, was
used.?

J. Phys. Chem. Ref. Data, Vol. 14, No. 4, 1985

7. Conclusion

Over the last ten years, many experiments and calcula-
tions on charge-changing processes between hydrogen
beams and metal-vapor targets have been done, and the data
are reasonably comprehensive. However, experimental data
below 1 keV are rare, and cross sections for H™ collisions
with alkaline-earth targets are needed at all energies.

Qualitative agreement between theory and experiment
is generally good and in several cases quantitative agreement
exists.
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Table 1. Sources of charge transfer cross sections and equilibrium fractions for hydrogen atoms and ions with metal
vapors
Reference Authors Year Exp./Theo. Projectile guantity Energy Range Method? Comments Accuracy
eported
(keV/u)
LITHIUM
55 Il'in et al. 1967 E wt 4o 10-180 c
43 Dyachkov 1969 E Wt oo 8-400 c
o
H 0ot 10-425 e
50 Gruebler et al. .1970 E p* 4o 0.4-8 d
+
H+ %o 1-25 a
D oy 0.4-8 d
+
H o 1-25 a
58 Janev and Radulovic 1978 T H° O 10_3—2 L7 Semiempirical d
matrix elements
30 Anderson et al. 1980 E ne g 30-200 b
u° Oot 30-200 b
i oy 30-200 b
H oy 30-200 b
Fo 30-100 a
7 30-200 h
79 Olson 1982 T ut 4o 45-300 Classical method c
85 Sato and Kimura 1983 T H* L 0.5-10 Mo b
47 Fritsch and Lin 1983 T wt Oyp 0.5-20 A0 b
91 Varghese et al. 1984 E i Ot 0.26-4.0 b
SODTIUM
55 I1'in et al. 1967 E ' 4o 10-180 c
Fo 20 h
84 Oparin et al. 1967 E Fow 13-120 b
50 Gruebler et al. 1970 E ot Tho 0.4-7 d
+
H+ o 1-20 d
D [ 0.5-8 d
+
q [ 1-20 d
77 O'Hare et al. 1975 E Wt Ty 20-200 c
58 Janev and Radulovic 1978 T e Tom 10_3—2 Lz Semiempirical d
matrix elements
31 Anderson et al. 1979 E i %o 1-25 b
4
H 04 1-10 d
Fy 1-25 b
Fo 1-25 b
F_" 1-25 b
30 Anderson et al 1980 E HO 0o 30-200 b
o
H Oot 30-200 c
H oy 30-200 b
H™ o4 30-200 c
©
F, 30-200 a
F_” 30-200

J. Phys. Chem. Ref. Data, Vol. 14, No. 4, 1985
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Table 1. Sources of charge transfer cross sections and equilibrium fractions for hydrogen atoms and ions with metal
vapors -~Continued
N Quantity a
Reference Authors Year Exp./Theo. Projectile Reported Energy Range Method Comments Accuracy
P (keV/u)
81 Olson and Liu 1980 T " a_, 0.02-0.3 PSS c
74 Nagata 1980 E i LIS 0.4-5 Data replaced by
later work by
b=
%428 0.4=5 request of author
T 0.6-4
12 Schlachter et al. 1980 E F,” 0.3-4 b
F,o 0.15-4 a
F.” 0.15-4 h
53 Howald et al. 1981 E H o_g 1-25 b
o_y 7.5-25 c
61 Kubach and Sidis 1981 T ' Oyg 0.2-5 PVB 7 state d
75 Nagata 1982 E i 040 0.4-5 h
60 Kimura et al. 1982 T at Yo 0.01-10 P33-ETF 8 state c
wt o4 26 0.01-10  PSS-ETF & state c
59 Kimura et al. 1982 T ut 4o 0.1-10  PSS-ETF 8 state c
H+ u+’zs 0.1-10 P33-CTF 8 state <
45 Ebel 1983 E M 5o 1-5 h
H+ o4 1-5 c
ne Iot 0.6 5 <
H° Oo— 0.3-5 b
38 Berkowitz and Zorn 1984 E ut Oy 9g 0.75-2.5 c
3
42 DuBois 1984 E o Tho 2-100 b
46 Fritsch 1984 T ut g 0.2-20 A0 b
94,25 0.2-20 40 b
54 Howald et al. 1984 E 0 Oo 7.5~25
u° o 1-25
76 Nagata 1984 E H* 04, 2s 0.4=5 c
bl
POTASSIUM
55 I1'in et al. 1967 E nt A 10-180 c
F" 20 h
87 Sellin and Granoff 1967 E ut Sy 9g 10-30 Absolute value
’ of cross section
doubtful due to
normalization
50 Gruebler et al. 1970 E pt LA 0.5-8.5 d
Wt 4o 1.2-17 d
ot ro 0.6-8.5 4
W 4o 1.4-17 d
57 Inoue 1972 E wt g 0.15-8.3 4
77 O'Hare et al. 1975 E ut %40 20-100 <
58 Janev and Radulovic 1978 T 8O Oo 10_3—2 Lz Semiempirical d
elements
74 Nagata 1980 E wt oy 0.4-5 c
+ -
H 94,28 0.4-5 c
ue O 0.5~5 c
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Table 1. Sources of charge transfer cross sections and equilibriuﬁ fractions for bydrogen atoms and ions with metal

vapors --Continued

Quantity

Reference Authors Year Exp./Theo. Projectile Reported Energy Range Method® Comments Accuracy
P (keV/u)
30 Anderson et al. 1980 E e Tt 30-200 ¢
E u° 0o 30-200 b
E H™ Iy 30-200 b
E jid a_y 30-200 c
F” 30-200 a
F_” 30-150 b
81 Olson and Liu 1980 T H™ o_g 0.04-0.3 PSS c
61 Kubach and Sidis 1981 T u* 0o 0.2-5 PVB 7-state b
60 Kinura et al. 1982 T w* 4o 0.01-10 PSS R-state h
W 04 g 0.01-10 PSS A-state b
’
75 Nagata 1982 E ut E 0.3-5 h
a5 Ebol 1083 2 Wt ay, 0.3-5 b
B o4 0.4=5 c
H° Oot 0.7-5 c
H O 0.2-5 b
38 Berkowitz and Zorn 1984 E wt o4 26 0.5-2.5 ¢
46 Fritsch 1984 T n* O 0.2-20 A0 b
9y 2s 0.2-20 A0
3
RUBIDIUM
87 Sellin and Granoff 1967 E ut Oy 9g 5-30 Normalization
’ doubtful
49 Girnius et al. 1977 E ot 4o 0.5-10
i 4o 10-20
F_™ 0.55-14 a
F.” 20 a
58 Janev and Radulovic 1978 T bind O 10732 LZ Semiempirical d
matrix elements
30 Anderson et al. 1980 E ne ot 30-200 ¢
;0 Tom 30-100 h
;. o_g 30-100 "
g o 30-100 c
B 30-200 a
F_" 30-150 b
74 Nagata 1980 E e 4o 0.4-5 c
e Oy 9g 0.4-5 c
bl
» He Go_ 0.5-5 c
81 Olson and Liu 1980 T H™ oo 0.06-0.3 PSS c
12 Schlachter et al. 1980 E F. 0.75-3.75 b
F” 0.15-3.75 a
F_" 0.15-3.75 a
61 Kubach and Sidis 1981 T wt 4o 0.2-5 PVD 7-state b
60 Kimura et al. 1982 T u O 0.1-10  PSS-ETF 8-state
ut 4 s 0.1-10  PSS-ETF B-state
s
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Table 1. Sources of charge transfer cross sections and equilibrium fractions for hydrogen atoms and ions with metal

vapors ~-Continued

Quantity

Reference Authors Year Exp./Theo. Projectile Reported Energy Range Method® Comments Accuracy
P (keV/u)
75 Nagata 1982 E wt 4o 0.3-5 b
45 Ebel 1983 E ut 1o 0.2-5 b
H 04 0.4-5 e
He Oot 0.5-5 c
u° o 0.2-5 b
CESIUM
41 Donnally et al. 1964 E ut 9, 2s 0.16-3 d
55 Il'in et al. 1967 E u* 4o 10-18 c
P 12.5 b
87 Sellin and Granoff 1967 E i 04 2s 2-30 Wormalization
4 uncertain
L7 Schlachter et al. 1969 E o+ %o 0.5-1 c
ik 4o 2-15 ¢
ut Oy 2-15 a
n® Tor 1-5 o
HO Sor 2-15 d
p° Oom 1-5 <
i Oy 2-15 c
7" 0.5-1.5 d
P 1.5-20 a
F "~ 0.5-1.5 h
F" 1.5-20 b
F." 0.5-1.5 b
F_" 1.5-20 b
90 Spiess et al. 1970 E | G 2.5 c
50 Gruebler et al. . 1970 E i Teo 1.3-20
uwt 0, 1-20 d
62 Leslie et al. 1971 E H™ O_o 2-30 . Data multiplied by a c
n oy 2-30 factor of 2 c
89 Spless et al. 1972 E wt 040 0.5-2.5 : ¢
ut o426 2.4 c
15 Pradel et al. 1974 E ot Oy 9g 0.1-0.75 b
s
el o) 26 1.3-3 b
11 Tuan et al. 1974 E wt o4 98 0.4-3 c
3
68 Meyer and Anderson 1975 E F_” 0.75-5.75 b
69 Meyer and Anderson. 1975 E wt, ot %o 0.8-30 c .
40 Cisneros et al. 1976 E ot oy 0e26=1.3 d
83 Olson et al. 1976 T e P 0.1-3 PSS 4-state b
ut 94 9g 0.1-3 PSS 4-state c
£
no Tom 0.1-3 PSS Leatate a
i o_, 0.1-3 PSS hL-gtate b
67 Meyer et al. 1977 E wt E 40-120 c
49 Girnius et al. 1977 B " Ved-3 b
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Table 1. Sources of charge transfer cross sections and equilibrium fractions for hydrogen atoms and ions with metal
vapors --Continued
Quantity a
Reference Authors Year Exp./Theo. Projectile Reported Energy Range Method Comments Accuracy

P (keV/u)

48 Girnius et al. 1977 E )ik St 30-200 c

o S 30-200 e

g Gop 30-200 b

H a_y 30-200 c

F” 30~200 a

52 Hooper and Willmann 1977 T p° O 0.5-2.5 Analysis of d

equilibrium yields
58 Janev and Radulovic 1978 T H° O 10_3-2 1z Semiempirical d
matrix elements

88 Sidiec and Kubach 1078 T wt o 0.05-4 PUR fmgtate »

wt S+, 2s 0.05-4 PVB 6-state c

51 Hiskes et al. 1978 T RO Opo 0.1-2.5 PSS 4-gtate d

30 Anderson et al. 1980 E Fo" 30-200 a

74 Nagata 1980 E * 4o 0.4-5 c

ut 9,28 0.4-5 c

HC - 0.5-5 c

66 Meyer 1980 E gt 4o 0.1-2 b

HO Tom 0.1-2 c

H og 0.1-2 b

F_” 0.1-1 b

78 Olson 1980 T ;0 O 0.02-1 oM 2-state b

81 Olson and Liu 1980 T H™ a_, 0.08-0.3 PSS [

12 Schlachter et al. 1980 E D° Og— 1.3-5 ¢

b -0 1.3-5 b

F,” 1.25-3.75 b

F,” 0.15-3.75 a

F° 0.15-3.75 b

60 Kimura et al. 1982 T mt Gho 0.01-10  PSS-ETF b

u* %426 0.01-10  PSS-ETF h

75 Nagata 1982 E u* [L298 0.3-5 e

70 Miethe et al. 1982 E p° Oy 0.08-1.3 b

ue O 0.1-5 b

80 Olson et al. 1984 T H® o, 0.1-10 Mo b

32 Bae et al. 1985 E v 4o 0.05-4 b

MAGNESTUM

56 I1'in et al. 1965 E u* 640 10-80 c

84 Oparin et al. 1967 E F° 12-120 b

35 Berkner et al. 1969 E ut %o 5-70 b

1° Tt 5-70 b

ne Opm 5-70 b

H™ I 5-70 c
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Table 1. Sources of charge transfer cross sections and equilibrium fractions for hydrogen atoms and ions with metal
vapors ~-Continued
Reference Authors Year Exp./Theo. Projectile Quantity Energy Range Method? Comments Accuracy
Reported (ke¥/u)
34 Baragiola et al. 1973 E P 4=40 a
FD” 4-30
F_” 4=40
36 Berkner et al. 1977 E F.” 1.5-19 b
Foo 1.5-19 a
. 1.5-19 a
72 Morgan and Eriksen 1978 E mt d.'_ 1-80 b
73 Morgan et al. 1979 E F_® 1.2-50 b
7 Morgan and Eriksen 1979 E ut o) 26 3-80 b
10 Morgan and Eriksen 1979 E ot 4o 1.1-8 b
gt %o 3.4-80 b
wt, ot 04 1-80 b
10 Morgan and Eriksen 1979 T nt LI 1-100 CBE d
82 Olson and Liu 1979 T H+ [ 0.05~-10 PSS 3-state ¢
63 Mayo 1982 E P 5-50 a
w
° 1-50 a
65 McFarland et al. 1982 E F," 0.75-1.5 b
o
o 0.15~1.5 a
_ 0.15-1.5 a
29 Alvarez et al. 1984 u* oy 0.5-5 b
42 DuBois 1984 E HY .0 2-100 b
CALCIUM
73 Morgan et al. 1979 E F.” 1-50 d
63 Mayo 1982 E F+w 5-50 <
F” 1-50 a
65 McFarland et al. 1982 E F” 0.75-1.5 c
ro"" 0.15~1.5 a
- 0.15-1.5 a
64 Mayo et al. 1983 E nt,p* Oy 1-30 b
u®,n" L 1-30 »
HO,n° ot 1-30 h
9 1-30 Inferred
wt, ot a, 1-30 h
64 Mayo et al. 1983 T i Oy 1-50 CRE d
STRONTIUM
37 Berkner et al. 1977 E F," 1.3-15 b
Foo 1.3-10.5 a
F_”" 1.3-15 a
73 Morgan et al. 1979 E F_” 0.9-50 a
63 Mayo 1982 E e 5-50 b
F. 1-50 a
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Sources of charge transfer cross sections and equilibrium fractions for hydrogen atoms and ions with metal

vapors ~-Continued

Quantity

Reference Authors Year Exp./Theo. Projectile Reported Energy Range Method® Comments Accuracy
. €p (keV/u)
65 McFarland et al. 1982 E F,” 0.4-1.5 b
F° 0.15-1.5 a
= 0.15-1.5 a
64 Mayo et al. 1983 E "ot 4o 1-30 b
wt,ot g 1-30 b
u°,p° O 1-30 b
H®,p° Tor 1-30 b
95 1-30 Inferred c
64 Mayo et al. 1983 T ut 040 1-100 CBE d
BARTUM
10 Morgan and Eriksen 1979 E p* Sio 2-9 b
at 4o 4-90 b
ot 04 1.5-9 b
ut Oy 4-93 b
10 Morgan and Eriksen 1979 T il 940 1-100 CBE d
71 Morgan and Eriksen 1979 E ut 4,26 3-80 b
73 Morgan et al. 1979 E F_” 0.6-50 b
65 McFarland et al. 1982 E F° 0.15-1.5 b
P N.15-1.5 a
F.* 0.15-1.5 a
CADMIUM
84 Oparin et al, 1967 E F_" 15-70 b
LEAD
33 Baragiola and 1973 E at O4o 6-40 b
Salvatelli it e 7-40 ®
He Tt 10-40 b
ne Opm 10-40 b

@pefinition of method abbreviations:

Lz

MO

AOC

PSS
PSS-ETF
PVB

QM

CBE

Landau Zener approximation

Molecular orbital calculation

Atomic orbital calculation

Perturbed stationary state approximation

Perturbed stationary state approximation with electron translation factors

Projected valence bond method

Quantum mechanical method

Classical binary encounter approximation
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Table 2. Recommended values of o, the cross section for electron capture (into all

states of the hydrogen atom) in collisions of protons with metal vapor atoms.

Cross sections are in 10

=16 2.

E (keV/u) L1 Na X Rb Ccs Mg ca Sr Ra Ph
0.1 120.
0.2 1.4 28, 63. 155.
0.5 6.4 48, 90. 164.
0.7 9.7 55. 93, 159,
1.0 16. 43. 61, 9. 144, 8.0 9.4 R
2.0 36. 68. 62, 87. 102. 9.3 18, 20. 20,
3.0 42. 75. 57. 77. 78, 13. 3. 31, 25,
5.0 38. 66. 40. 56. 55. 18, 7. 3%, 20
7.0 30. 53. 30. 42, 43, 21, 35, 29, 23.. 13,
10.0 17, 24. 21. 28. 29. 20. 26, 22, 6. 14
20,0 3.1 3.5 8.3 9.4 14, .0 6.7 5.2 4.1 9.3
50.0 0.42 071 2.1 4.8 0.49 1.7 1.6
70.0 0.22 0.47 1.2 3.0 0.19 1.3 1.0
100. 0.11 0.32  0.71 1.6 0.11 0.52
200. 0.028  0.19  0.23 0.25  0.09
Table 3. Recommended values of 428 the cross Table 5. Recommended values for L the cross section for electron loss
section for electron capture into the 2s in collisions of hydrogen atoms with metal vapor atoms. Cross
state of the hydrogen atom in collisions of sections are in 10716 en?,
protons with metal vapor atoms. Cross
E (keV/u) L Na K Rb Mg Ca St Ph
sections are fn 10716 en?,
0.5
E (keV/u) Mg Ba
0.7 0.1z 0.15
0.5 1.0 0.17  0.23
o7 2.0 0.14  0.37  0.49 0.33 0,32
1.0 3.0 0.24  0.61 0,79 a.72 0,57
2.0 5.3 5.0 0.44 1.3 1.4 0.31 1.1 0.93
3.0 5.6 7.0 0.63 0,41 1.3 1.2
5.0 2.2 41 10.0 0.88 0.60 2.9 2.2 0.67
7.0 1.1 2.9 20.0 1.5 1.6 3.7 4.3 1.5
10.0 2.8 1.7 30.0 2.4 2.0 5.9 5.9 2.4 3.6 4.3 2.1
20.0 1.0 n.zi 56.0 2.4 2.6 6.2 6.3 1.8 4.0
30.0 0.36 0.096 70.0 2.3 2.9 6.1 6.2 3.1 3.7
50.0 0.041 0,053 100.0 2.1 2.9 5.7 5.9
70. 0.007 0.044 200.0 1.6 2.5 4.8 5.5
Table 6. Recommended values of o,_, the cross section for electron capture in colli-
sions of hydrogen atoms with metal vapor atoms. Cross sections are in 10~'¢
em?
E (keV/u) u Na K Rb Cs Mg Ca Sr Ph
Table 4., Recommended values for o,_, the cross section for double electron
capturc for collisions of protums with wmetal vapur atums. Cruss 0.1 3.6
sections are in 10716 cm2, 0.2 2.1 3.4 6.
0.5 1.7 4.1 5.4 8.1
E (keV/u) Na 14 Rb Mg Ca St Ra Pb
0.7 2.1 4ok 5.6 7.1
0.5 0,086  0.17 0,21 1.0 2.5 4.3 5.4 5.9 2.4 2.6
0.7 0.105  0.21  0.21 2.0 2.6 2.9 3.9 3.1 2.0 2.1
1.0 0.027 0.117  0.21  0.21 0087  0.064 5.0 1.5 1.1 1.6 0.8 1.04 1.5 1.2
2.0 0,048 0.116 0.19 V.10 U.11 v.u76 V.8 7.0 0.94 0.46 0.0 1.2 0.z
3.0 0.065  0.091  0.16 0,14 0,082 n.070 0,078 10.0 0.45 0,23 0.69 082  0.49  0.75
5.0 0.086 0.064 0.10 0.30 0.062 0.054 0.079 20.0 0.064 0.12 0.21 0.17 0.10 0.45
7.00 0.36  0.082  0.027 0,053 0,28 30.0 0.016  0.029 0.055 0,075 0,092 0.076 0.059 0.033 0,24
10.0 0.30  0.078  0.012  0.029  0.34 50.0 0.0071 0.017 0,037 0.043 0.070 0.020 0.016
20.0 0,046  0.016 n.011 0.018 0.26 70.0 0.0053 0.014  0.026 0.029 0,053 0.012 0.008
50.0 0.0006 0.007  0.010 100.0 0.0043  0.011  0.013  0.020 0.038
70.0 0.0002 0.006 200.0 0.006 0,004
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Table 7. Recommended values of o_, the cross sec-

tion for electron detachment in collisions of

H~ with metal vapor atoms. Cross sections

arein 1076 cm®.

E (keV/u) u Na X Rb cs Mg
1 42, 30.
2 3s. 33,
3 29. 35,
5 25. 6.
7 22. 36.
10 20. 3. 23,
20 16. 3. 16
30 14, 14. . 26, 28, ld.
50 12, 13. 20, 23, 24, 13
70 10.8 12 18, 21 2. 12,
100 9.3 11. 16. 19. 10
200 7.1 8.4 13, 1s. 13

Table 9. Recommended values of F %

Table B. Recommended values of o_,, the cross section for
double electron loss in collisions of H™ with
metal vapor atoms. Cross sections are in
10716 cn?.

E (keV/u) Li Na K Rb Cs

2 0,12

5 0.54
7 n.08 N.RA
10 0.5 1.3
20 .38 2.2
30 0.68 0.53 2.8 2.8 2.4
50 .63 n.70 2.9 2.7 2.2
70 0.58 Q.71 2.7 2.3 1.9
100 0.50 n.69 2.3 2.2 1.5
200 0,28 0.52 1.4 1.7 0.83

, the H* equilibrium fraction for

collisions of hydrogen atoms and ions with metal vapor atoms.

F = isa percent.

E {keV/u) Na Rh s Mg Ca st Ra
0.3 6.055
.5 0.080 0.46 0.0
0.7 n.e 0.1 a.92 0,54
1.0 0.14 a.20 0,46 1.5 0.90
2.0 n.24 a.61 .83 1 2.6
3.0 0.33 1.2 1.1 1.4 3.0
5.0 n.62 2.4 2.2 4
7.0 1.2 4.4 3.3 5.8
10.0 3.3 7.9 6.0 12, 12,
20.0 a7 29 29, S5. 57,
30.0 al. 76, T4,
50.0 8’7, /R, A3,

Table 10. Recommended values of F*, the H° equilibrium fraction for collisions of hydro-

gen atoms and ions with metal vapor atoms. Fg° is a percent.

E (keV/u) Li Na K Rb Cs Mg Ca st Ra cd
0.2 96. 72. 66. 85. 68. 56. 68,
0.3 93, 73. 68. 82, 66. 54. 1.
0.5 92. 75. 73. 83. 77. 72, R2.
0.7 91, 78. 77. 88. 84, 79. AR,
1.0 91. 81, 83. 9. 89, 86. 92,
2.0 91. 87. 92. 92. 93. 93.
3.0 92. 90. 96. 93. 93, 94,
5.0 93. 97. 94. 92. 93.
7.0 94. 96. 9. 90. 90.
10. 95. 91. 93. 86. RS.
20. 59. 40. 69. 70. 464, 44, 8R.
30. 19. 31. 32. 41, 54. 8. 22. 28, 7.
50. 9.3 15. 25. 3. 38. 12. 13. 19. 6.
70. 7.1 1t. 19. 25. 28. 6.1
100. 5.5 9.0 13. 15. 17. 4.0
200. 2.5 5.1 2.9 2.1 2.7
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Table 11. Recommended values of F =, the H™ equilibrium fraction for collisions of

hydrogen atoms and ions with metal vapor atoms. F = is a percent.

E (keV/u) Li Na K Rb Cs Mg Ca St Ra
0.2 5.1 26, 27, 13 32 42, 34
0.3 7.0 26 26. 16 34 45 29
0.5 8.0 22. 23. 16. 22. 2R. 17.
0.7 8.8 19 19. 10, 14 17 n
1.0 9.0 16 14, 7.3 8.9 11 7.6
2.0 8.9 10 6.7 6.1 4.b 4.5 4.4
3.0 8.4 6.4 4.3 5.8 3.8 3.5 4.3
5.0 6.3 2.5 2,2 5.4 3.4 3.2 3.2
7.0 3.8 1.4 1.5 4.6 2.6 2,5 2.2
10, 2.0 0.61 0.96 3.4 1.8 1.6 1.2

20, 0.23 0.24 0.40 0.88 n.23 0.17 0.5
30. 0.030  0.060 0.13 0.21 0.25 0.07 0,09 .21
50, 0,009 0.023 0.086 0.16 0.01. 0,03 .06 n.14
70. 0.005  0.016 0.054 0,08
1on. 0.003 n.on 0.022 0.02

10" 10 10 107

| L4 11yl L4 111l Lot pevnid 41

Lithium 10

1 LLLLRAL LR ALY LI AL LI

10 10 10 10°
E/N (keV/A)

FiG. 2. Cross section o, , for single-electron capture in collisions of H* with Li vapor. Experimental data points: ¢),
Ref. 55, c; 37, Ref. 43, ¢; A\, Ref. 50, H*d; I3, Ref. 50, D* d; X, Ref. 91, b. Theoretical curves: — - —, Ref. 79,
c;----, Ref. 47,b; . . - ., Ref. 85, b. Recommended data: —.
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FIG. 4. Cross section o, for electron loss in collisions of H® with Li vapor.
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FIG. 5. Cross section o,,_ for electron capture in collisions of H® with Li vapor.
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FIG. 6. Cross section o, for double electron loss in collisions of H™ with Li vapor.
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Fi16. 7. Cross section o_, for detachment of electrons from H~"'in collisions with Li vapor.
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Fi1G. 8. Equilibrium fraction F  for hydrogen atoms and ions incident on Li vapor. The lower bound is based on data
taken from Ref. 50.
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F1G. 9. Equilibrium fraction F ;° for hydrogen atoms and ions incident on Li vapor. The lower bound is based on data
taken from Refs. 44 and S0.
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FIG. 10. Equilibrium fraction F' = for hydrogen atoms and ions incident on Li vapor. The lower bound is based on data
taken from Refs. 44 and 50.
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F1G. 50. Equilibrium fraction F = for hydrogen atoms and ions incident on Cs vapor.
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F1G. 54. Cross section g, for electron loss in collisions of H® with Mg vapor.
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F16. 55. Cross sections o, _ for electron capture in collisions of H® with Mg vapor and o_ for detachment of electrons
from H ™ in collisions with Mg vapor.
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FIG. 56. Equilibrium fraction F % for hydrogen atoms and ions incident on Mg vapor.
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FiG. 57. Equilibrium fraction ;° for hydrogen atoms and ions incident on Mg vapor.
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Fic. 58. Equilibrium fraction F * for hydrogen atoms and ions incident on Mg vapor.
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vapor.
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FIG. 60. Cross sections ., for electron loss and o,_ for electron capture in collisions of H® with Ca vapor.
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F1G. 61. Equilibrium fraction F ¢ for hydrogen atoms and ions incident on Ca vapor.
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FiG. 62. Equilibrium fraction F;° for hydrogen atoms and ions incident on Ca vapor.
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Fi1G. 64. Cross sections o , for single electron capture and o, _ for double electron capture in collisions of H* with Sr

vapor.
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FIG. 65. Cross sections o, for electron loss and g,,_ for electron capture in collisions of H® with Sr vapor.
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F16. 66. Cross section o_, for detachment of electrons in collisions of H™ with Ca and Sr vapors.
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Fi1G. 68. Equilibrium fraction F;° for hydrogen atoms and ions incident on Sr vapor.
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FIG. 69. Equilibrium fraction F = for hydrogen atoms and ions incident on St vapor.
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FIG. 70. Cross section o, , for electron capture into all states of the neutral hydrogen atom in collisions of H* with Ba
vapor.
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FI1G. 72. Cross section o, _. for double electron capture in collisions of H* with Ba vapor.
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FiG. 74. Equilibrium fraction F 5~ for hydrogen atoms and ions incident on Ba vapor.
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FIG. 76. Equilibrium fraction F ;° for hydrogen atoms and ions incident on Zn vapor. The lower bound is based on data
taken from Ref. 44.
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FI1G. 78. Equilibrium fraction F 5~ for hydrogen atoms and ions incident on Cd vapor.
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FIG. 80. Cross section o, _ for double electron capture in collisions of H* with Pb vapor.
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FiG. 82. Cross section oy, . for electron capture in collisions of H® with Pb vapor.
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FiG. 83. Recommended values for o, the cross section for single electron capture, in collisions of H* with alkali
metal vapors.
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F1G. 84. Recommended values for o o, the cross section for single electron capture, in collisions of H* with alkaline-
earth and lead vapors.
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FIG. 85. Recommended values for o, _, the cross section for double electron capture, in collisions of H* with alkali
metal vapors.
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Fi1G. 86. Recommended values for o, _, the cross section for double electron capture, for collisions of H* with
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FIG. 87. Recommended values for g, , the cross section for electron loss, for collisions of H® with alkali metal vapors.
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FIG. 88. Recommended values for oy, the cross section for electron loss, for collisions of H® with alkaline-earth
vapors and lead.
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FIG. 89. Recommended values for o,_, the cross section for electron capture, in collisions of H® with alkali metal
vapors.
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FI1G. 90. Recommended values for o,_, the cross section for electron capture, in collisions of H° with alkaline-earth
and lead vapors.

J. Phys. Chem. Ref. Data, Vol. 14, No. 4, 1985



CHARGE TRANSFER OF HYDROGEN IONS AND ATOMS IN METAL VAPORS 1031

0 1 2
10 0 0 ,
] Loty { [N 1 'lO
10 = :
] n
1 = .
TN
~N - -
-
O
© 1 1
@) 10 = — 1O
N> n [
i ] N
o) 4 Li N
i L S o
i K L
_Rb_
Cs
(0] —_— - 0
TO 5 T lﬁlllll[1 T T T T TTTT] T 10
10 10 10
E/N (keV/u)
Fi1G. 91. Recommended values for o_,, the cross section for detachment of electrons, in collisions of H™ ions with
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Fi1G. 92. Recommended values for o__,, the cross section for detachment of electrons, in collisions of H™ ions with

alkaline-earth vapors.
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F1G. 93. Recommended values for o_ _, the cross section for double electron loss, in collisions of H™ ions with alkali
metal vapors.
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FIG. 94. Recommended values for F ¢, the equilibrium fraction for formation of H™ ions, in collisions of hydrogen
atoms and ions with alkali metal vapors.
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" FI1G. 95. Recommended values for F 7, the equilibrium fraction for formation of H ions, in collisions of hydrogen
atoms and ions with alkaline-earth vapors.
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FIG. 96. Recommended values for F;°, the equilibrium fraction for the formation of H° ions, in collisions of hydrogen
atoms and ions with alkali metal vapors. For Liand E /N<30keV/uand for K and E /N<20keV /u, the values
given are lower bounds.

J. Phys. Chem. Ref. Data, Vol. 14, No. 4, 1985



104 MORGAN £T AL

107 10 10

=

]O’ Loyl Lol - 10
ans
O
Qk_/ 1 1
g 10 = =10
T ] -
4 Mg =
4 ...Ca._. n
....... S
Ba
0 —_ 0
10 T 1T TTTT7 T T 17T T TTTTTT 10

10° 10 10
E/N (keV/)

FIG. 97. Recommended values for F ;°, the equilibrium fraction for the formation of HC ions, in collisions of hydrogen
atoms and ions with alkaline-earth vapors.
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F1G. 98. Recommended values for F*, the equilibrium fraction for the formation of H ions, in collisions of hydrogen
atoms and ions with zinc and cadmium vapors.
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FiG. 99. Recommended values for F =, the equilibrium fraction for the formation of H™ ions, in collisions of hydrogen
atoms and ions with alkali metal vapors. For Liand £ /N<30keV/uand for K and £ /N<20keV /v, the values

given are lower bounds.
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F16. 100. Recommended values for F =, the equilibrium fraction for the formation of H™ ions, in collisions of
hydrogen atoms and ions with alkaline-earth vapors.
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Fi16. 101. Recommended values of charge transter cross sections for hydrogen atoms and ions incident on Li vapor.
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F1G. 102. Recommended values of charge transfer cross sections for hydrogen atoms and ions incident on Na vapor.
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F1G. 103. Recommended values of charge transfer cross sections for hydrogen atoms and ions incident on K vapor.
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Fio. 104. Recommended values of charge transfer cross sections for hydrogen atoms and jons incident on Rb vapor.
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FIG. 105. Recommended values of charge transfer cross sections for hydrogen atoms and ions incident on Cs vapor.
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F1G. 106. Recommended values of charge transfer cross sections for hydrogen atoms and ions incident on Mg vapor.
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Fi1G. 107. Recommended values of charge transfer cross sections for hydrogen atoms and ions incident on Ca vapor.
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FIG. 108. Recommended values of charge transfer cross sections for hydrogen atoms and ions incident on Sr vapor.
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