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Proton and helium-ion impact on atomic lithium is studied for impact energies ranging from 15 to
200 keV. By observing the final lithium charge states, cross sections for pure single electron capture
from lithium as well as for single capture plus ionization are presented. Cross sections for double
electron capture by He?* projectiles are also measured and the decrease in the double-capture cross
section below 20 keV/amu is confirmed. Cross sections for ionization of lithium by these same pro-
jectiles are also presented and compared with theoretical calculations.

INTRODUCTION

Charge transfer occurring in low-energy proton—and
a-particle—lithium collisions is of fundamental interest
since the outermost 2s electron is much more loosely
bound than are the 1ls electrons and therefore single-
electron models are applicable. For this reason many ex-
perimental and theoretical studies of charge transfer for

proton— and helium-ion—lithium collisions have been -

published in the past few years. Charge-changing col-
lisions with lithium are also of interest because specific re-
actions have been suggested as a possible means of obtain-
ing a population inversion capable of lasing in the
vacuum-ultraviolet or soft-x-ray region or to be useful in
diagnosing properties of the hot plasmas produced in
thermonuclear fusion reactors. In the latter case the ioni-
zation cross sections are also of interest since the proposed
method requires injecting neutral lithium beams into the
plasma.

In spite of these fundamental and practical interests,
until recently! no experimental and very little theoretical
information concerning the ionization of lithium by pro-
ton or helium-ion impact was available. However, suffi-
cient experimental data now exist to provide accurate total
single-electron-transfer cross sections from approximately
0.1 to 100 keV/amu (Ref. 2) for H*, He*, and He?** im-
pact. In the case of double electron capture by a particles,
three sets of experimental data exist?—* which are in good
agreement at energies above 15 keV/amu. Below 15
keV/amu only the data of McCullough et al3 exists.
Their data indicate that the double-electron-transfer cross
section peaks near 15 keV/amu and then decreases at
lower energies. However, the data are subject to large
second-order corrections at these lower energies and have
not been verified either theoretically or experimentally.

More information about the charge transfer process can
be obtained by observing the final projectile and target
states. All theoretical treatments of single electron cap-
ture by protons or a particles are in agreement that the
electron is predominantly captured into excited states of
the projectile, namely, into the » =2 and 3 levels of the
hydrogen atom and into the n =3 and 4 levels of the heli-
um ion for lower- and higher-energy collisions, respective-
ly. Cross sections for these processes have been directly
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measured for a-particle impact by Barrett and Leventhal®
and Kadota et al.® In the case of proton impact, Il'in et
al.” were able to deduce some information about capture
into highly excited states of hydrogen, while more recent-
ly Aumayr et al.® have made direct measurements for cap-
ture into the n =2 and 3 levels of hydrogen. Information
about the final target states formed are limited to an ex-
perimental study by Aumayr et al.’ where they measured
lithium excitation occurring for low-energy proton im-
pact. Also Shah et al.! have just recently reported mea-
surements similar to those presented here.

In order to provide additional information about these
collisions, data are presented here where the final
lithium-ion charge states resulting from single and double
electron capture by protons and helium ions are measured.
Cross sections for “pure” electron transfer and for chan-
nels where additional ionization accompanies the charge
transfer process are presented. Direct measurements of
double electron transfer are presented where no correction
for the competing two-step process was necessary. Last of
all, experimental information about the ionization of lithi-
um by proton and helium-ion impact is presented.

EXPERIMENTAL PROCEDURE

The experimental apparatus used for the present work
is a modified version of that used previously to study mul-
tiple ionization of the rare gases.!® For the present study
the target cell and slow-target-ion detection system werée
replaced by a stainless-steel metal-vapor oven and a
secondary-emission slow-ion detection system modeled
after the design of Rinn et al.!! A schematic diagram of
the apparatus is shown in Fig. 1. As shown, a collimated
ion beam crosses the diffuse lithium vapor beam emerging
from the oven and is then electrostatically charge
analyzed and counted by either of two secondary-emission
detectors. These detectors have been previously described
in detail (see Ref. 2).

The lithium beam exits the oven through an aperture
approximately 1 mm in diameter and 3 mm long. A 2+-
mm-diam aperture in the heat shield and the cooled sur-
face surrounding the interaction region collimate the lithi-
um atoms into a diffuse beam which is collected on
liquid-nitrogen-cooled surfaces surrounding the collision

3319 ©1985 The American Physical Society



3320

Oven Charge He™*

(\ Analyzer
He° D°

He? *

ift Tub x
Drift Tube Atomic Lithium
Beam and LN Surface
— V Extraction
- HV

- |9+

Lithium - Neutrals

Coincidence
Start Stop
Lithium - He*

Coincidence

y
Scaler

FIG. 1. Schematic diagram of apparatus showing ion beam,
atomic-lithium beam, and lithium-ion detection system. D°,
secondary-emission detector for neutralized beam; DT,
secondary-emission detector for He* (unused for H* and Het
impact). For clarity the oven heat shield and liquid-nitrogen-
cooled (LN) surfaces surrounding the interaction region are not
shown.

region. The lithium-beam density was estimated to be in
the 10'° cm 3 range by comparing the lithium-ion intensi-
ty to that of N,* produced from the background gas.
This target density is too low to allow the direct ioniza-
tion channel to be observed as was done for gaseous tar-
gets;!? but the atomic-beam design was required since all
earlier target designs produced extremely high dark count-
ing rates in the slow-ion detector whenever the oven emit-
ted lithium vapor. It is assumed that these dark counts
originated from lithium atoms ionizing on the surface of
the Channeltron cone since neither bias voltages nor baf-
fles were effective in reducing the dark count. The
atomic-beam configuration produced tolerable dark-
counting rates for the oven temperatures used in acquiring
data. ~

Target ions, formed by charge transfer and direct ioni-
zation, are extracted perpendicular to both the atomic and
ion beams by a small (approximately 30 V/cm) electric
field. These slow ions of charge g travel through a field-
free drift region before being accelerated and counted by a
secondary-emission Channeltron detector. The slow lithi-
um ions are produced via single electron capture, double
electron capture, capture plus ionization, or direct target
ionization, e.g.,

single capture

HY H°
Het |+Li— |He® [+Lit,
He?t He™*

double capture
Ht H~
Het |+Li— |He™ |+Li*t,
He?t He?
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single capture plus ionization (¢ =2,3)

Ht H°
Het |+Li— |He? |+Li?9t+(g—1)e—,
He?*+ Het

double capture plus ionization

Ht H-
He* |+Li— [He™ |+Li3t e~ ,
He2t He?

direct ionization (g=1,2,3)

Ht Ht

He* |+Li— |He' |+Li?"4ge™ .
He?*t He?t

Cross sections for the single capture and single capture
plus ionization are measured by recording coincidences
between the slow target ions and the postcollision neutral-
ized ion beams. These data are recorded and stored in a
multichannel analyzer by using standard coincidence elec-
tronics and a time-to-amplitude converter. In the case of
double capture or double capture plus ionization, only
He?* impact was investigated. For these data a second
set of coincidence electronics simultaneously records
events where He™ is the final projectile state. Spectra ob-
tained for 200-keV a-particle impact are shown in Fig. 2.
Three peaks identifiable as Lit, Li>*, and either Li** or
H,* ions, respectively, are observed. A large H,™ “con-
taminant” signal was always observed when initially heat-
ing the oven after loading it with lithium—regardless of
the procedure used to clean the oven or metal sample.
This H,* contaminant slowly became smaller with con-
tinued heating and cycling of the oven but never entirely
disappeared. Hence it is assumed that H,* and not Li*
is predominantly observed. This may not be the case for
the double-capture events observed for He?’* impact. Al-
though no cross sections for Li3*+ are presented for this
case, the observed intensities of the Li** (or H,*) ions in-
creased from 1.5% to 9% of the Li2* intensity for double
capture by He?* ions with energies from 50 to 200 KeV.

To convert the raw data to absolute cross sections the
coincidence data are normalized at each impact energy to
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FIG. 2. Lithium-ion charge states observed for 200 keV,
*He?*-Li single- and double-capture collisions. The small peak
on the right is assumed to be an H,* impurity and not Li** (see
text for explanation).
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where the single-capture cross sections o*! are also taken
from Ref. 2. Note that the double-charge-transfer reac-
tion can produce Lit* ions only if double collisions (the
two-step process) occur and hence the present experiment
automatically discriminates against that possibility. In
addition, any contributions from residual background
gases are also observable and can be discriminated against.

In order to obtain information about the direct ioniza-
tion of lithium a less direct method was used. As already
stated the low lithium-beam densities did not permit coin-
cidences between slow target ions and the direct beam to
be measured as was done previously for gaseous targets.
However by counting all slow target ions produced and
subtracting all the charge transfer contributions, it is pos-
sible to obtain some information about the ionization of
lithium by protons and helium ions. Specifically what is
obtained is 3, 0,' for H and He* impact and 3,05’
for He** impact. These quantities differ from the “total
ionization cross sections” o;=3 go;' or 3 qoy.
However, for lithium the amount of multiple ionization
should be small enough that 3, gog"~3, o7"

In order to investigate the efficiency of the slow-target-
ion detection system, charge-state ratios (percentage of to-
tal charge-state production) were measured using argon as
a target. Charge states 1, 2, and 3 were found to be con-
stant within 3% for slow-ion extraction fields ranging
from approximately 15 to 90 V/cm. Also it was found
that these same fractions were constant within 5% for
slow-ion preacceleration voltages between 1.7 and 3.8 kV
while maintaining a constant Channeltron gain. Statisti-
cal uncertainties were less than 3% for Lit production
but ranged from 10% to as large as 30% for Li** produc-
tion. These combined uncertainties are comparable to the
measured reproducibilities which include other factors
such as background subtraction. Since the cross sections
are normalized at each energy to the single-electron-
transfer cross sections taken from Ref. 2, an additional
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uncertainty of 15% is assigned. It was shown in Ref. 2
that both beam particle detectors had unit efficiency for
higher impact energies and that their detection efficiencies
were equal (if not unity) at lower energies. Thus no addi-
tional uncertainties are anticipated in determining o?°.
Therefore the charge transfer cross sections presented
have total absolute uncertainties of approximately
20—30 % with perhaps larger errors for the smallest cross
sections reported.

The ionization cross sections are subject to uncertainties
due to dark-count subtraction (dark counts generally
represented less than 15% but occasionally as large as
25% of the total signal), normalization (the ionization sig-
nals were 10—40 times larger than the single charge
transfer signal which had an absolute uncertainty of
15%), unknown contributions due to ionization of back-
ground gases, as well as experimental difficulties encoun-
tered for lower impact energies. Thus the ionization re-
sults reported here may be accurate only within a factor
of 2. This is considered to be a worst-case estimate since
subsequent experiments using gaseous targets indicated
that the ionization results were accurate to within approx-
imately +50%.

RESULTS

Tabulated cross sections for H*, He*t, and He?* im-
pact are given in Table I while the graphical results are
shown in Figs. 3 and 4. Although the data were collected
for specific impact energies, they are graphed as a func-
tion of impact-velocity squared (keV/amu). This allows
an easier comparison of the data for the various projec-
tiles. As shown in Fig. 3 the total single-electron-capture
cross section for HY and He" impact (solid curve) is
mainly due to a{o, i.e., one electron transfer from lithium
to the projectile. This means that, as initially anticipated,
lithium simulates a one-electron target very well. At the
higher velocities, however, approximately 10% of the
time a second electron is ionized as a result of the col-
lision.

The ionization cross sections are considerably larger
than the charge transfer cross sections above 20 keV/amu.
The measurements agree nicely with the calculation by Ol-
son'? for proton impact as well as with the calculation for
He' impact by Tiwary and Rai!® above 10 keV/amu.
Since submission of this paper Shah et al. have reported!
ionization cross sections for HY-Li collisions. A prelimi-
nary comparison of their cross sections with the present
data indicate good agreement in the overlapping energy
range. Also shown for comparison are the electron-
impact measurements of McFarland and Kinney!* and
Zapesochnyi and Aleksakhin!® which seem to merge with
the present results at higher energies. Note that both ex-
periment and theory imply that the ionization cross sec-

“tions are the same for equal velocity proton and helium-

ion impact.

The results for a-particle impact (Fig. 4) show that at
higher impact energies approximately a third of the
single-electron-transfer collisions also result in ionization
of a second electron from lithium. This process is larger
than the direct capture of two electrons by the projectile.
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The double-electron-capture cross section is compared
with previous measurements that were made using the
growth-curve method. The present data confirm that the
cross section peaks near 20 keV/amu and then decreases
sharply at lower energies. Since the Li3* contribution
was not included, the present double-electron-capture
cross sections should be slightly smaller than the previous
measurements (by 1.5% to 9% according to the discus-
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FIG. 3. Cross sections for charge transfer and ionization of
lithium by H* and He™* impact. Charge transfer: , total
single-charge-transfer cross section 0?° obtained from smooth
curve through data in Ref. 2; @, o}° for H* impact; 0, o1° for
He* impact; W, o}° for H* impact; O, o3’ for He* impact.
Dashed curves through the data points are to guide the eye.
Ionization: A, 3, o;' for H* impact; A, 3, o' for Het im-
pact; —-—-—- , ionization-cross-section calculation for H* im-
pact (Ref. 12); — — —, ionization-cross-section calculation for
He* impact (Ref. 13); - - - -, electron-impact-ionization cross
sections (Refs. 14 and 15). Error bars are for experimental
reproducibility only.
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sion given earlier in this paper); however, they are approx-
imately 30—40 % larger. The present technique also
yielded larger double-electron-transfer cross sections for
other metal-vapor and gaseous targets than those mea-
sured by the growth-curve method. No experimental
reason for this discrepancy has been found.

The ionization cross sections again exceed the charge
transfer cross sections at higher energies and again agree
well with the calculation of Olson.!? As was the case for
HTY impact, a preliminary comparison of the present data
and the recent data of Shah ez al.' yields good agreement.
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FIG. 4. Cross sections for charge transfer and ionization of
lithium by He** impact. Charge transfer: , total charge-
transfer cross section 02! obtained from smooth curve through
data of Ref. 2; O, o1’; O, o3'; ¢, present 03’ measurements; ®,
0® from Ref. 2; +, 0% from Ref. 3; V, ¢ from Ref. 4.
Dashed curves through the present data are to guide the eye.
Ionization: A\, present zq 032 measurements; — - — . —- ,
ionization-cross-section calculation of Ref. 12. Error bars are
for experimental reproducibility only.
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TABLE 1. Absolute cross sections in (units of 10~!¢ cm?) for charge transfer and ionization of lithium by H*, 3He*, and 3He?*.
Superscripts represent the projectile pre- and postcollision charge states and the subscript is the final lithium-ionization charge state.

Errors are experimental reproducibility only.

Projectile Ht ‘Het SHe
E/M
(keV/amu) ol® ol > ol ol® 10 > o o! o o® o2
100 0.114 0.0075 3.5
+0.0018 +0.5
75 0.159 0.0108 3.71
+0.0027 +0.06
66.7 1.03 0.467 0.108 20.1
+0.008 +0.013 +10.1
50 0.254 0.0164 79 1.43 0.67 0.173 19.3
+0.0057 +1.4 +0.09 +0.09 +0.018 +1.1
333 0.489 0.051 7.8 4.53 0.874 0.362 299
+0.008 +1.3 +0.10 +0.095 +0.087 +7.3
25 1.49 0.0098 12.0 1.44 0.0626 12.0
+0.0027 +14 +0.0003 +1.3
16.7 6.24 0.06 15.1 39.6 0.450 0.440 31.5
+0.02 +1.6 +0.037 +0.006 +4.8
15 7.76 0.0406
10 77.8 0.132 0.338
+0.023 +0.026
8.33 32 0.0096 16.6
6.67 98.0 0.0495 0.0966
+0.0035 +0.0021
5 48.9 0.0833

Also note that the present ionization cross sections for
He?* impact are approximately four times larger than
those for H* impact as is expected.

CONCLUSIONS

Cross sections for charge transfer in lithium-proton and
lithium-helium ion collisions have been presented where,
for the first time, the final charge state of lithium has
been observed. It was found that the charge transfer pro-
cess for HY and He' impact is predominantly “pure,”
i.e., additional ionization is rare. However, additional ion-
ization of one electron occurs approximately 30% of the

time for higher-energy a-particle impact. The present
double-electron-transfer measurements have verified that
the cross section decreases below 20 keV/amu. Last of
all, experimental measurements of the ionization of lithi-
um by ion impact were presented and shown to agree well
with existing ionization calculations as well as with recent
measurements.
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