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New experimental and theoretical cross-section data for inelastic collision processes of Li atoms
in the ground state and excited states (up to n � 4) with electrons, protons, and multiply charged ions
have been reported since the database assembled by Wutte et al. [ATOMIC DATA AND NUCLEAR DATA

TABLES 65, 155, 1997] was published. These new data were included in a process of critical data
assessment and led to the creation of a new database for the modeling of energetic lithium beams
probing fusion edge plasmas. The electron-impact part of the present database covers excitation and
ionization, the data having been extended by advanced close-coupling calculations which provide a new
standard of quality especially for transitions between excited states. The heavy-particle impact
processes include excitation and electron removal (the sum of ionization and electron capture).
Hitherto, ion-impact excitation cross sections for lithium (except for the main Li(2s 3 2p) process)
were based on scaling relations using the corresponding electron-impact cross sections. We have now
performed large-scale atomic orbital close-coupling calculations for a large number of excitation
processes as well as new measurements toward development of the new database. The recommended
cross sections for the considered processes have been fitted to simple analytic expressions. The
analytic-fit expressions and the tables of the parameters entering these analytic fits are here presented.
We also present the recommended cross sections in graphical form together with the underlying
experimental cross section data if available. © 1999 Academic Press
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INTRODUCTION

Cross-section information on inelastic collisions of
i in its ground and excited states with electrons, protons,
nd multiply charged ions [1] is not only of fundamental

beam of fast (1–10 keV/amu) neutral lithium atoms into
the edge of a magnetically confined plasma delivers
diagnostic information such as radial electron density
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nterest, but also of considerable practical importance for
iagnostics of magnetically confined fusion plasmas by
eans of Li beam spectroscopy [2–5]. Injection of a
rofiles, and concentrations and temperatures of impurity
ons in a nonperturbing manner. Analysis of the emission
ines of injected lithium atoms, which provides informa-
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tion on the electron density in the plasma edge, requires
knowledge of the populations of all excited atomic states
as well as of the Li beam intensity attenuation. Evalua-
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ences triggered experimental and theoretical activities to
improve the atomic database.
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ion of the diagnostic raw data relies on modeling the
ttenuation of the Li(nl; n � 2–4) state beam fractions
2]. The success of this diagnostic method depends
trongly on the availability of reliable data for cross
ections of inelastic collisions of lithium atoms with
lasma particles such as electrons, protons, and multiply
harged impurity ions.

Experimental and theoretical cross-section data for
ollisional processes of Li atoms in the ground state and
xcited (up to n � 4) states with electrons, protons,
nd multiply charged ions have already been collected
n [1, 6]. Cross-section scaling relations based on
emiempirical formulae which have to be regarded as
ough cross-section estimates for the processes of in-
erest have been used to generate cross sections for
rocesses for which no information was available in the
iterature. This approach has been extensively used par-
icularly for collisional processes involving excited Li
tates, and especially for collisions with protons. The
xpected error for this procedure was in some cases more
han 100%.

Recently, detailed investigations of the composition
f neutral states [7] along the penetration path of a lithium
eam injected into a fusion plasma revealed considerable
iscrepancies between measurements and the population of
pecific excited states as derived from beam attenuation
odels using the atomic collision data of [1]. These differ-
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o derive accurate cross sections for all inelastic pro-
esses involving collisions with Li atoms, such as single
lectron capture, ionization, and excitation. These theo-
etical results are critically tested against the newest
vailable experimental data. In all cases good or at least
atisfactory agreement between measurements and theory
s found. A similar confidence level of our theoretical
esults is also expected for cases where no experimental
erification is feasible. However, there are still processes
here neither calculated nor experimental data exist. The

elevant cross sections, which mainly involve Li(4l )
tates, are derived by using scaling relations as described
n [1]. These are of minor importance from the point of
iew of fusion plasma diagnostics and thus deserve less
ttention with respect to accuracy.

The recommended cross sections for the considered
rocesses, generated by (i) critical assessment of avail-
ble experimental and theoretical data, (ii) by calcula-
ions alone, or (iii) by application of scaling relations,
ave been fitted to analytic expressions which ensure
orrect asymptotic behavior of the cross sections. These
ecommended cross sections are presented by giving their
nalytic-fit expressions and tabulating the values of all
arameters entering these analytic fits. We also present
he recommended cross sections in graphical form to-
ether with the new cross-section data used for their
eneration.

D THEORETICAL METHODS
Close-Coupling Method for e�–Li(nl) Collisions

In recent years there has been immense progress in

[9], the total ionization cross section and its spin asym-
metry [10], and most recently even the differential ion-
ization spin asymmetries [11]. Thus, we have very good
he theoretical description of electron–atom scattering.
he ever-growing computational resources now allow for
ery large close-coupling-based calculations where both
he discrete and the continuum target spectra are treated
o convergence. Here we use the convergent close-
oupling (CCC) method, for which the theory has been
iven by Bray [8]. Briefly, the method uses a set of
quare-integrable states, obtained by diagonalizing the
arget Hamiltonian in an orthogonal Laguerre basis, to
xpand the total wave function of the system. For the
ithium target we assume that the frozen-core Hartree–
ock Hamiltonian is a sufficiently accurate representa-

ion. Hence, we treat lithium as essentially a one-electron
arget and electron-lithium scattering as a three-body
roblem.

The CCC method has already been extensively
ested for inelastic electron–lithium scattering. It repro-
uces the very detailed measurements of 2p excitation
easons to believe in the accuracy of the CCC method in
valuating integrated cross sections for all discrete tran-
itions at all energies. The key issue is obtaining conver-
ence for the transitions of interest with increasing num-
er of expansion states. Generally, the smaller the cross
ection, the larger the calculation necessary to obtain an
ccurate result. In practice, we choose a sufficiently large
et of states to obtain accurately the most important
ransitions of interest.

Atomic Orbital Close-Coupling
for H�–Li(nl) Collisions

We adopted the semiclassical impact-parameter
ormalism of the close-coupling (CC) method, assuming
traight line trajectories for the projectiles [12, 13]. The
ime-dependent electronic wave function is expanded in
rojectile- and target-centered traveling orbitals which
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need not necessarily be eigenstates of the corresponding
atomic Hamiltonians. Thus, in addition to atomic orbitals
(AO), so-called pseudo-states (PS) are also included in
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ur two-center expansion model. While AO represent the
ound spectrum of the separated atoms of relevance for
he considered inelastic collision process, PS as chosen to
ccount for the formation of transient molecular orbitals
s well as to represent the ionization channels. The CC
alculation always starts from a linear combination of
tates which result from diagonalization of the atomic
amiltonians within the given set of basis states on each

enter.
The interaction between the core electrons and the

active” electron is described by a model potential. The
xperimental energy level diagram for Li (n � 4) is
ccurately reproduced (with errors �0.5%) by the eigen-
alues of the model potential in [14]. One-center cou-
lings between projectile states induced by the electric
eld of the Li� core are calculated in good approximation
y assuming a pure Coulomb interaction potential.

Cross sections for single electron capture (SEC),
arget excitation (TX), and ionization are derived from
O calculations involving 65 states centered on the pro-

on core and 64 states (AO65_64) centered on the Li�

ore. This basis set is used for calculations with initial Li
arget states 2s, 2p, 3s, 3p, and 3d. On both centers
tomic states with principal quantum numbers n � 4 are
epresented in the calculations [13]. All other states are
S, which are orthogonal to the included atomic states of

he basis and thus will overlap with higher excited bound
tates as well as with continuum states (l � 4). The
rojection of a pseudo-state on all other, higher excited
tomic states with n � 4 gives an estimate of the
ontinuum character of a specific PS. These values are
sed to calculate approximate cross sections for direct
onization.

Cross sections for target electron loss (TEL, that is,
EC � ionization) are obtained by summing over all
ross sections for population of projectile-centered states
nd the direct ionization cross section of the Li atom.
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he ionization process, which is not sufficiently well
escribed with the basis set applied here.

Cross sections for TX were also derived from the
O65_64 calculations. In addition to the two-center cal-

ulations, pure one-center calculations without projectile
entered states (AO0_64) were also performed. These
alculations were used to derive TX cross sections at
mpact energies of 50 –500 keV with less computational
ffort. In this high-impact-energy region the TX process
s completely decoupled from electron capture [12], and
hus results from AO0_64 do not differ from those of the
uch more elaborate calculation AO65_64. The lowest

mpact energy E min, where one can use the simpler
O0_64 approach for a specific TX process with excita-

ion energy �E, is approximately given by E min(keV) �
� �E, with �E in eV. In this way results from both

alculations have been used to derive TX cross sections
or all Li(nl ) 3 Li(n�l�) excitations with n � 2, 3; l �
, p, d and n� � 2–4; l� � s, p, d, f in the impact-
nergy range 1–500 keV. For TX processes with �E
alues �0.1 eV the AO0_64 calculations have been used
n the entire impact-energy range.

In general, the coupled equations are solved along
traight line trajectories R � vt � b (R being the
nternuclear distance and v the velocity) from vt �

150 a0 to vt � 150 a0 (a 0 � Bohr radius) and for
mpact parameters b from 0.3 to 40 a0. However, for
ipole-allowed TX cross sections with small �E values
uch larger meshes had to be used. In particular, the
O0_64 calculations with initial conditions 3s, 3p, and
d were done between vt � �800 a0 and vt � 800 a0

ith impact parameters up to 150 a0. Even this large
mpact-parameter range was not sufficient to get conver-
ent results for the 3p 3 3d TX cross section. For this
nd other similar cross sections, we suggest scaling the
orresponding cross sections for electron impact [1, 15],
hich should be very accurate in such cases.

F DATA
Collisions with Electrons

The quality and reliability of the database for

performed in the impact-energy range from the excitation
threshold up to 10 keV. The convergence of the data has
een checked by a 64-state calculation (CCC64) at one

lectron-impact processes are enhanced in comparison to
hose of the previous database [1] by including the 45-
tate close coupling (CCC45) cross section data (cf.
lose-Coupling Method for e �–Li(nl ) Collisions) into

he critical data assessment process. The latter consists
f cross sections for all possible TX processes e � �
i(nl ) 3 e � � Li(n�l�) with n � 3, n� � 4 and for

onization from levels up to 3d. All calculations are
ingle impact energy of 200 eV. For all data presented a
igh level of convergence is reached (cf. Fig. 1). The new
ata for TX processes have been compared to the recom-
ended cross sections of [1] (cf. Fig. 1). The latter cross

ections in the high-energy region had followed the Born
ross sections calculated in the Bates–Damgaard approx-
mation for atomic wave functions [16]. For almost all
X processes the CCC45 data also converge toward this
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orn approximation (as represented by [1] in Fig. 1, for
xample). However, there are exceptions (for example,
X processes which involve the 4d state) where consid-
rable deviations occur, which are believed to be due to
mall errors in the wave functions of the CCC45 calcu-
ations. In such cases we chose the Born cross section in
he high-energy region as the recommended one, whereas
or low to intermediate energies the original CCC45
esults determine the fit.

Experimental data exist for TX processes from
he Li(2s) ground state. The new CCC45 results agree
ithin 10% of these experimental values in the 2s 3
p case. Very good agreement is also found in the
s 3 3s case when cascading contributions to the mea-
ured 3s 3 2p emission cross section [17] are taken
nto account. Larger differences (20 –50%) around the
ross section maximum are observed for the 2s 3 3d
X processes, which are most probably due to the polar-

zation and cascade corrections applied by Zajonc and
allagher [17] to their measured data in order to de-

ive estimations for the TX cross sections. The CCC45
esults for all Li(nl 3 n�l�) transition for n � 2, 3
nd n� � 2–4 are shown in Graphs I 1–30 together with
he fits from Table I and experimental data where avail-
ble.

Representation of the cross sections is done by fitting
o the following analytic expression with six parameters
A 1, . . . , A 6):

IG. 1. Results from CCC45 and CCC64 calculations for the Li(2p3 3d)
exictation in collisions of Li(2p) with electrons in comparison with
the corresponding analytic fit (cf. Eq. (1) and Table I) and the
recommended cross section of [1].
� � �
j�1

4 Aj

�E/�E	 j�1 � A5ln� E

�E�� (1)

he fitting functions were chosen to assure asymptotically
orrect behavior both at low and high impact energies. As a
ypical example for the quality of the fitting procedure the
esult of the CCC45 calculation for a single TX process
Li(2p 3 3d)) is presented in Fig. 1 together with the fit
ccording to Table I. Deviations of the fit from the defining
ata points are in general below a few percent, except very
lose to the threshold. Near the latter, however, the error of
he underlying data points is also in general larger than at
igher impact energies.

In addition to the new results from the CCC45 cal-
ulations we also present the fit parameters for the cross
ection data for Li(4l 3 4l�) TX processes in Table I.
hese cross sections originated from semiempirical formu-

ae [6] and the Born cross sections of [16]. For the 4l 3 4f
rocesses, however, no data were actually found. Cross
ections for these processes have been derived from the fit
ormula for 4s 3 4d and 4p 3 4d for dipole-forbidden
nd dipole-allowed transitions, respectively, by taking into
ccount the actual statistical weights and excitation energies
f the initial and final states involved. These cross sections
re plotted in Graphs I 31–36.

Cross sections for ionization of excited Li(nl; n � 3)
re also derived from the CCC45 calculations. Estimates for
i(1s) core ionization by applying the Lotz formula [1]

ndicate only small contributions from Li(1s) core ioniza-
ion to the total ionization cross section and are therefore not
dded to the results from the CCC45 calculations. The fit
ormula is given by

e
ion�E/eV	
cm2�

�
10 �13

EInl
�A1ln� E

Inl
� � �

j�2

6

Aj�1 �
Inl

E � j�1� , (2)

here I nl is the ionization energy. The CCC45 results and
he corresponding fits are shown in Graphs II 1–4; the fit
arameters are listed in Table II.

For the ground state Li(2s) the recommended curve
f [18] agrees well with the result from the CCC45
alculation. The fit formula from [18] together with pa-
ameters can be found in [1] and will not be repeated
ere. Furthermore, ionization from Li(4l ) states must be
stimated by applying the Lotz formula [1, 6] because no
ther data exist.
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Collisions with Protons

The scaling of TX cross sections for H� colliding
ith Li(nl ) from corresponding cross sections for elec-

rons was always regarded as a weak point of the data-
ase of [1]. The mentioned scaling [15] is appropriate in
he asymptotic region at high impact energies where Born
ross sections for H� and e � are the same at the same
elative velocity of collision partners, since in this region
he mechanism of direct excitation is the same for elec-
rons and protons (cf. Fig. 2). When the impact energy of

� projectiles is lowered, a change from direct excitation
o pronounced two-center molecular mechanisms takes
lace and a general scaling becomes impossible. In the
nergy range where electron capture is strong or even the
ominant inelastic transition, oscillations in the TX cross
ections occur in many collision systems involving alkali
argets [12, 13, 19]. Furthermore such oscillations are not
nly restricted to alkali targets, but have been found in
ther collision systems also [20, 21]. The origin of these
scillations is connected with interference of SEC and
X channels [22]. Attempts to explain these rather un-
xpected features of TX cross sections in detail can be
ound in [23–25]. The AO65_64 calculations were in
articular tailored to describe this interaction correctly in
rder to produce accurate TX cross section in the low-
mpact-energy range (1–20 keV, cf. Atomic Orbital
lose-Coupling For H�–Li(nl ) Collisions).

IG. 2. Results from two-center (AO65_64) and one-center (AO0_64)
close coupling calculations for the Li(2p 3 3d) excitation process in
collisions of H� with Li(2p) in comparison with the corresponding fit
(Eq. (3), Table III) and with the scaled electron impact cross section.
The latter has been derived from the CCC45 calculations by applying
the scaling relation of [15].
H �
TX �E/keV	
cm2�

� 10 �16A 1� e �A2/E� A12 � ln� A11 � A3E		

E

� A4

e �A5E

E A6
� A7

e �A8/E

1 � A9E
A10� . (3)

he fit parameters for TX processes Li(nl 3 n�l�) in
ollisions with H� are listed in Table III. The theoretical
ata defining the fit for the Li(2p 3 3d) TX cross
ection are presented in Fig. 2 together with the fitted
urve and the scaled electron impact cross section de-
ived from the CCC45 results by using the scaling rela-
ion of [15]. As explained earlier, results from two-center
AO65_64) and pure one-center (AO0_64) calculations
verlap almost perfectly at intermediate and high impact
nergies. The AO data for Li(nl 3 n�l�) TX processes
ith n � 2, 3 and n� � 2–4 are shown in Graphs III
–29 together with the fits and compared with experi-
ental data where available; the comparison will be

urther discussed in the next section.
For TX processes between Li(4l ) states and also for

he 3p 3 3d case the mentioned scaling of e� TX cross
ections is of course valid, because �E[eV] � E[keV].
ominant contributions to these rather large cross sections

ake place at impact parameters b of 40–150 a 0, where no
olecular two-center excitation mechanism exists.

The data for TEL processes involving initial Li(nl )
aken from [1] have been compared with the results from the
O–CC calculation for n � 3 in the energy range 1 � E �
5 keV, which leads only to minor adjustments of the
ecommended cross sections. However, for higher E values
here TEL is dominated by ionization, confirmation of the
ld data from [1, 6] was not possible, because ionization
hannels were not represented with sufficiently high density
f continuum states in the AO65_64 calculations. Further-
ore the AO calculations do not include SEC from the
i(1s) core, which is an important contribution to the total
EL cross section in this impact energy range. Therefore, at
igh impact energy the data from [1, 6] are included without
urther changes. In addition the data from [6] concerning
EL from Li(4l ) states are presented. These have been
erived by scaling cross sections of lower excited states (cf.
6] for more details).

Two fit functions are presented for TEL from Li(ns;
� 2, 3) (nonresonant SEC) and for all other TEL

rocesses (almost resonant SEC) by Eqs. (4a) and (4b),
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respectively, with the corresponding fit parameters found in
Table IV:
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� H �
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H �
TEL,Li�ns	�E/keV	
cm2�

� 10 �16A1� e �A2/E � ln�1 � A3E	

E
� A4

e �A5E

E A6 � A7E
A8�

(4a)

COMPARISON WITH NEW EXPER
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rom theoretical results only, with new experimental data
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he AO data and fits for Li(nl, n � 2–4) are shown
n Graphs IV 1–8, where they are also compared with fits
rom [1].

AL DATA FOR PROTON-IMPACT

PROCESSES
In this section we will compare TX cross sections
of the new database, which were generated as described
easured at the IAP Vienna [7] and at the KVI Gro-
ingen [26] by means of photon spectroscopy. TX cross
ections have to be transformed into the respective emis-
ion cross sections for comparison with experimental
ata. In Eqs. (5)–(8) we give the relation between theo-
etical emission (cascading contributions are taken into
ccount up to Li(4f )) and TX cross sections, which will
e used in Figs. 3, 4, 5, and 6 for comparison with the
easured cross sections for 3d 3 2p, 3p 3 2s, 4s 3
p, and 4d 3 2p emission, respectively, in collisions of
i(2s) with protons:

�3d 3 2p	 � � �3d	 � 0.2� �4p	 � � �4f 	 (5)

FIG. 3. TX and emission cross sections from the new and old database in
comparison with measurements for the 3d 3 2p emission cross
sections from two measurements.
� �3p 3 2s	 � 0.237� �3p	

� 0.1� �4s	 � 0.055� �4d	 (6)

� �4s 3 2p	 � 0.575� �4s	 � 0.16� �4p	 (7)

�4d 3 2p	 � 0.77� �4d	. (8)

ransition probabilities for the branching ratios are taken
rom [27].

The 3d3 2p emission (“fit em.” in Fig. 3) and 2s3
d TX (“fit exc.” in Fig. 3) cross sections differ only by
ascade contributions from higher excited states, because
nly one strong transition from 3d is allowed by selection
ules. As seen in Fig. 3, excellent agreement between the
wo independent measurements and the emission cross sec-

FIG. 4. TX and emission cross sections from the new and old database in
comparison with experimental data for the 3p 3 2s emission process
in collisions of protons with Li(2s). Theoretical emission cross sec-
tions shown are derived using transition probabilities from three
different sources (cf. text).
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sections are not dominated by a single TX process (cf. Eq.
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ion curve derived from the new database is found. For
urther comparison the recommended curve from [1] is also
hown. As expected, old (based on the scaled electron cross
ections) and new data join each other in the asymptotic
egion of high energy. However, in the energy region be-
ween 3 and 10 keV—the region most important for plasma
iagnostic purposes—the two curves deviate from each
ther by up to a factor of 3.

In Fig. 4, a similar comparison is presented for the
p 3 2s emission cross section. The transition probability
or Li(3p 3 2s) is found in the literature [27–29] with
alues differing by 30%, whereas for all other transitions of
i I much less uncertainty is found. Emission cross sections
erived from TX therefore depend on the chosen reference
sed for calculating branching ratios. The agreement be-
ween theoretical and experimental results is excellent.

SCALING RELATIONS FOR COLLISIONS

IG. 5. TX and emission cross sections from the new database in com-
parison with experimental data for the 4s 3 2p emission process in
collisions of protons with Li(2s).
2
d
d
L
c
a
t
f
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ith rather different behavior with impact energy (cf. Fig.
), satisfactory agreement between theoretical and mea-
ured emission cross sections is found. Underestimation of
xperimental values is most probably due to the omission of
igher cascade contributions in the theoretical emission
ross section. (cf. Eq. (7)).

For the 4d 3 2p emission cross section no cascading
ontribution from higher excited states could be provided by
he AO-CC results (cf. Basic Description of the Applied
heoretical Methods), which leads to a small underestima-

ion of the experimental cross sections as seen in Fig. 6.
Altogether, we have verified by comparison with ex-

erimental data our theoretical approach, which is the basis
or the new database.

MULTIPLY CHARGED IMPURITY IONS

IG. 6. TX and emission cross sections from the new and old database in
comparison with experimental data for the 4d3 2p emission process
in collisions of protons with Li(2s).
The behavior of TX cross sections with respect to a
caling relation with projectile charge state q and mass m
in amu), derived from a three-state close-coupling dipole

energies E red � 6 keV/amu only [13]. For lower energies no
regular behavior has been found.

In Fig. 7 we present experimental data for Li(3d 3

pproximation [30] and represented in the following equa-
ion, has been analyzed in [12]:

� red �
�

q
; E red �

E

qm
. (9)

n the case of the main TX process Li(2s 3 2p) this
ell-established scaling is appropriate for higher impact
p) emission cross sections for collisions of Li(2s) with
ifferent projectiles (H�, He2�, Nq�). These experimental
ata are compared to the recommended curve of the H� �
i(2s) 3 H� � Li(3d) TX cross section (no cascade
ontributions are taken into account), which should serve as
general curve in the case of perfectly valid scaling rela-

ion. One observes that there is no overlap between the data
or multiply charged ions and the data for proton impact for
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2. J. Schweinzer, E. Wolfrum, F. Aumayr, M. Pöckl, HP.
Winter, R. P. Schorn, E. Hintz, and A. Unterreiter,
Plasma Phys. Controlled Fusion 34, 1173 (1992)
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nergies E red � 6 keV/amu. Therefore the validity of the
caling relations is not experimentally demonstrated in the
igh-impact-energy range (as will be further discussed in
26]), but, however, can be assumed with high probability
or E red � 8 keV/amu.

With decreasing impact energy we observe more
nd more scatter within the data points corresponding to
ifferent q values as well as increasing deviation of the
xperimental data of the heavier ions from the expected
eneral TX cross-section curve. This situation is rather
nsatisfactory from the point of view of the Li beam
iagnostic application, where the above scaling (Eq. (9))
s used generally. However, in most cases concentrations
f multiply charged impurity ions in modern fusion plas-
as are rather low, which reduces the accuracy demands

n such cross sections. Application of the diagnostic
pproach to helium discharges, however, should prefer-
bly use accurate cross-section data instead of relying on
caling from the atomic database for protons, at least for
he dominant TX processes.

The scaling of TEL cross sections for impact of
ultiply charged ions on Li(nl; n � 2, 3) has already been

resented in [1] and will not be repeated here.
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EXPLANATION OF TABLES

TABLE I. Fit Parameters for Electron-Impact Target-Excitation Cross Sections of Li(nl 3 n�l�); n, n� � 2–4

T

T

T

G

G

G

G

J. SCHWEINZER et al. Collisions of Li with e, p, and A q�
nl–n�l� Initial–final states of the Li atom
�E Excitation energy of the TX process, in eV
A 1, . . . , A 6 Fit parameters A 1, . . . , A 6 in Eq. (1)
source Source providing data for deriving the fit parameters

ABLE II. Fit Parameters for Electron-Impact Target-Ionization Cross Sections of Li(nl); n � 2, 3

nl Initial state of the Li atom
I nl Ionization energy in eV
A 1, . . . , A 6 Fit parameters A 1, . . . , A 6 in Eq. (2), derived from CCC45 calculations

ABLE III. Fit Parameters for Proton-Impact Target-Excitation Cross Sections of Li(nl 3 n�l�); n � 2, 3; n� � 2–4

nl–n�l� Initial–final states of the Li atom
A 1, . . . , A 12 Fit parameters A 1, . . . , A 12 in Eq. (3) derived from AO calculations; for TX cross sections

between Li(4l ) states and the 3p 3 3d transition, see text and [1]

ABLE IV. Fit Parameters for Proton-Impact Target-Electron-Loss Cross Sections in Li(nl); n � 2–4

nl Initial state of the Li atom
A 1, . . . , A 8 Fit parameters A1, . . . , A8 in Eqs. (4a) and (4b) derived from the AO65_64 calculations and from [1]

EXPLANATION OF GRAPHS

RAPHS I 1–36. Electron-Impact Target Excitation Cross Sections of Li(nl 3 n�l�); n, n� � 2–4

Plotted are the fitted cross sections from Eq. (1), the CCC45 calculated data (Graphs I 1–30) from which
fit parameters are derived, and experimental data where available.

RAPHS II 1–4. Electron-Impact Target-Ionization Cross Sections of Li(nl); n � 2, 3

Plotted are the fitted cross sections from Eq. (2) and the CCC45 calculated data from which the fit
parameters are derived.

RAPHS III 1–29. Proton-Impact Target-Excitation Cross Sections of Li(nl 3 n�l�); n � 2, 3; n� � 2–4

Plotted are the fitted cross sections from Eq. (3), the AO calculated data from which fit parameters are
derived, experimental photon emission data where available, and fits to the emission data derived from
the TX cross sections.

RAPHS IV 1–8. Proton-Impact Target-Electron-Loss Cross Sections of Li(nl); n � 2–4

Plotted are the fitted cross sections from Eqs. (4a) and (4b) and the AO65_64 calculated data from which
fit parameters are derived, and the fitted data from [1].
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TABLE I. Fit Parameters for Electron-Impact Target-Excitation Cross Sections
of Li(nl 3 n�l�); n, n� � 2–4
See page 249 for Explanation of Tables
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TABLE II. Fit Parameters for Electron-Impact Target-Ionization Cross Sections
of Li(nl ); n � 2, 3

See page 249 for Explanation of Tables
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TABLE IV. Fit Parameters for Proton-Impact Target-Electron-Loss Cross Sections
of Li(nl ); n � 2–4

See page 249 for Explanation of Tables
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GRAPHS I 1–36. Electron-Impact Target-Excitation Cross Sections
of Li(nl 3 n�l�); n, n� � 2–4
See page 249 for Explanation of Graphs
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GRAPHS I 1–36. Electron-Impact Target-Excitation Cross Sections
of Li(nl 3 n�l�); n, n� � 2–4
See page 249 for Explanation of Graphs
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GRAPHS I 1–36. Electron-Impact Target-Excitation Cross Sections
of Li(nl 3 n�l�); n, n� � 2–4
See page 249 for Explanation of Graphs
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GRAPHS I 1–36. Electron-Impact Target-Excitation Cross Sections
of Li(nl 3 n�l�); n, n� � 2–4
See page 249 for Explanation of Graphs
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GRAPHS I 1–36. Electron-Impact Target-Excitation Cross Sections
of Li(nl 3 n�l�); n, n� � 2–4
See page 249 for Explanation of Graphs
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GRAPHS I 1–36. Electron-Impact Target-Excitation Cross Sections
of Li(nl 3 n�l�); n, n� � 2–4
See page 249 for Explanation of Graphs
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GRAPHS I 1–36. Electron-Impact Target-Excitation Cross Sections
of Li(nl 3 n�l�); n, n� � 2–4
See page 249 for Explanation of Graphs
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GRAPHS I 1–36. Electron-Impact Target-Excitation Cross Sections
of Li(nl 3 n�l�); n, n� � 2–4
See page 249 for Explanation of Graphs
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GRAPHS I 1–36. Electron-Impact Target-Excitation Cross Sections
of Li(nl 3 n�l�); n, n� � 2–4
See page 249 for Explanation of Graphs
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GRAPHS II 1–4. Electron-Impact Target-Ionization Cross Sections
of Li(nl ); n � 2, 3

See page 249 for Explanation of Graphs
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GRAPHS III 1–29. Proton-Impact Target-Excitation Cross Sections of Li(nl 3 n�l�);
n � 2, 3; n� � 2–4

See page 249 for Explanation of Graphs
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GRAPHS III 1–29. Proton-Impact Target-Excitation Cross Sections of Li(nl 3 n�l�);
n � 2, 3; n� � 2–4

See page 249 for Explanation of Graphs
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GRAPHS III 1–29. Proton-Impact Target-Excitation Cross Sections of Li(nl 3 n�l�);
n � 2, 3; n� � 2–4

See page 249 for Explanation of Graphs
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GRAPHS III 1–29. Proton-Impact Target-Excitation Cross Sections of Li(nl 3 n�l�);
n � 2, 3; n� � 2–4

See page 249 for Explanation of Graphs
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GRAPHS III 1–29. Proton-Impact Target-Excitation Cross Sections of Li(nl 3 n�l�);
n � 2, 3; n� � 2–4

See page 249 for Explanation of Graphs
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GRAPHS III 1–29. Proton-Impact Target-Excitation Cross Sections of Li(nl 3 n�l�);
n � 2, 3; n� � 2–4

See page 249 for Explanation of Graphs

J. SCHWEINZER et al. Collisions of Li with e, p, and A q�
269 Atomic Data and Nuclear Data Tables, Vol. 72, No. 2, July 1999



GRAPHS III 1–29. Proton-Impact Target-Excitation Cross Sections of Li(nl 3 n�l�);
n � 2, 3; n� � 2–4

See page 249 for Explanation of Graphs
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GRAPHS III 1–29. Proton-Impact Target-Excitation Cross Sections of Li(nl 3 n�l�);
n � 2, 3; n� � 2–4

See page 249 for Explanation of Graphs
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GRAPHS IV 1–8. Proton-Impact Target-Electron-Loss Cross Sections of Li(nl );
n � 2–4

See page 249 for Explanation of Graphs
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GRAPHS IV 1–8. Proton-Impact Target-Electron-Loss Cross Sections of Li(nl );
n � 2–4

See page 249 for Explanation of Graphs
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