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Absolute cross sections for excitation of the 2s 2S˜2p 2P transition in B 21
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Absolute cross sections for electron-impact excitation of the 2s 2S→2p 2P transition of B21 measured
between 5.4 and 7.0 eV are presented. The results are in good agreement with theR-matrix-with-pseudostates
~RMPS! calculation of Marchalantet al. @J. Phys. B30, L435 ~1997!#. Also presented are cross sections for
electron-impact single ionization of B21, including measurements between 25 and 200 eV and calculations
using the RMPS and time-dependent close-coupling methods. The measured ionization cross sections are about
14% higher near the peak than previous measurements by Crandallet al. @Phys. Rev. A34, 1757~1986!#, but
agree well with experimental data of Hofmannet al. @Z. Phys. D16, 113~1990!# and with the present and other
theoretical predictions.@S1050-2947~98!01212-8#

PACS number~s!: 34.80.Kw
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I. INTRODUCTION

Experimental cross sections for electron-impact excitat
and ionization of ions are of importance in fields concern
with the modeling of high-temperature plasmas, such as
sion and astrophysics, where the large amount of data ne
is mostly supplied by theoretical methods. The experime
cross sections serve as benchmarks for these predictions
can be used to set up scaling rules for isoelectronic
quences. The lithium isoelectronic sequence has been
focus of a number of measurements,~see, e.g.@1–6#! and is
of particular interest because transitions in Li-like ions a
commonly used in plasma diagnostics.

In this paper measurements of cross sections for
electron-impact excitation of the 2s 2S→2p 2P transition in
B21 are presented and compared with anR-matrix-with-
pseudostates~RMPS! calculation by Marchalantet al. @7#.
Also presented are experimental data and calculations fo
electron-impact single ionization of B21 with comparisons to
previous experimental results of Crandallet al. @3# and Hof-
mannet al. @4#. The present ionization results are also co
pared to other calculations@7,8#.

II. EXPERIMENT

A. Excitation

The absolute electron-impact excitation cross sections
the dipole-allowed transition 2s→2p in 11B21 were mea-
PRA 581050-2947/98/58~6!/4512~6!/$15.00
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sured at the Oak Ridge National Laboratory~ORNL! using
the JILA/ORNL merged electron-ion beams energy lo
technique. Full details of the method are given elsewh
@5,9# and only a brief description is included here. A sch
matic of the experimental setup is shown in Fig. 1. In t
crossedE andB fields of a trochoidal analyzer~‘‘merger’’ !,
an electron beam performs two gyrations resulting in a d
placement perpendicular to its original direction, while pr
serving its direction and velocity. Upon leaving the merg
the electron beam is merged with a B21 beam selected from
an electron cyclotron resonance~ECR! ion source using a
90° analyzing magnet. After traveling in a 68.5-mm-lon
electric-field-free interaction region and experiencing inel
tic as well as elastic collisions, the merged beams ente
second trochoidal analyzer~‘‘demerger’’! through a set of
five apertures that stop electrons that are elastically scatt
at large angles and would otherwise reach the detector.
primary electrons are deflected in the analyzer into a Fara
cup, while the inelastically scattered electrons strike
position-sensitive detector~PSD! consisting of a pair of mi-
crochannel plates and a resistive anode. The ion beam, w
is not significantly affected by the two trochoidal analyze
continues to travel through a set of deflectors and is ben
90° to be collected in the ion Faraday cup. A tw
dimensional video probe@10# is used to measure the flu
distributions of the electron and the ion beams, and there
their overlap, at seven positions along the interaction reg
4512 © 1998 The American Physical Society
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FIG. 1. Schematic diagram of the JILA
ORNL merged electron-ion beam energy loss a
paratus. See the text for a description.
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Large background count rates at the PSD from inter
tions of both beams with surfaces and residual gas requ
four-way chopping scheme to determine the inelastic sig
The PSD signal is sequentially read through a position co
puter and a first-in–first-out buffer into four histogra
memory modules (M1 , . . . ,M4) by switching the ion and/or
electron beam on and off:M15S1Be1Bi1Bd ~both beams
on!, M25Be1Bd ~electron beam on, ion beam off!, M3
5Bi1Bd ~electron beam off, ion beam on!, and M45Bd
~both beams off!, whereS, Bi , Be , andBd denote the inelas
tic signal, the ion beam background, the electron beam b
ground, and the dark count rates, respectively. The sig
associated with the inelastically scattered electrons is t
determined from S 5 M12M22M31M4 . Corrections
are made toM1 , . . . ,M4 individually for the dead times o
the PSD and the position computer.

The excitation cross section at an interaction energy in
center-of-mass systemEcm is given by

s~Ecm!5
S

I eI i

qe2

e U vev i

ve2v i
UF, ~1!

whereS is the signal count rate of the inelastically scatter
electrons,F is the form factor,e is the PSD detection effi
ciency, andve , v i , I e , and I i are the laboratory velocitie
and currents of the electrons and the ions of chargese and
qe, respectively. The efficiency of the PSD was measure
be 0.48160.018 in a separate experiment by alternately
recting an electron beam of a few femtoamperes onto
PSD and into a Faraday cup connected to a vibrating r
electrometer. From the ratio of the PSD counts and the
rent in the Faraday cup the efficiency is determined. T
form factor F is determined from the electron and the io
beam intensitiesG(x,y,z) andH(x,y,z):

F5

E G~x,y,z!dx dyE H~x,y,z!dx dy

E G~x,y,z!H~x,y,z!dx dy dz

, ~2!

wherez is the direction of the magnetic field.
Before taking data, the electron and the ion beams w

tuned to minimize the background counts on the PSD~typi-
cally less than 100 counts per nA for each beam!. Then the
20-keV ion beam was merged with the electron beam in
interaction region and the form factorF @Eq. ~2!# was deter-
mined with the video probe. At a particular electron ener
the excitation cross section was measured until a reason
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statistical precision was achieved. Then the apparatus
prepared for the next electron energy by scaling the magn
field and the voltages of the electron gun, the merger, and
demerger, typically different only by a few percent in ord
to ensure linearity of scaling and thus to obtain an elect
beam with a constant overlap with the ion beam. Before a
after determining cross sections at several energies, the
factor was measured and an interpolated value was use
calculate the final cross sections. This procedure ensured
beam fluctuations and the scaling between energies did
change the overlap of the beams significantly during
cross section measurements. The energy region of inte
was scanned several times using this method and the re
averaged for each energy. The data were fitted to a
function convoluted with a Gaussian distribution at the sp
troscopic threshold for the 2s→2p transition of 5.998 eV
@11#. The data were then corrected by shifting the interact
energy to account for the contact potential and by subtrac
the below-threshold contribution to the cross section, ass
ing this contribution to be independent of energy. The io
ization experiment described in Sec. II B showed that a n
ligible fraction of metastable ions was present in the B21

beam so that no correction to the ion current was neede
At energies above the transition threshold, inelastica

scattered electrons may end up traveling backward in
laboratory frame if the center-of-mass electron velocity
the backward direction is larger than the ion velocity in t
forward direction. In this case the electrons do not reach
detector and corrections have to be made@12,13#. Electrons
that are velocity matched to 20-keV11B21 ions have an
energy of 1.0 eV, so that backscattering corrections w
expected to be substantial at energies higher than 1.0
above threshold. The corrections were made usingSIMION 3D

@14#, a three-dimensional trajectory modeling program th
simulated the demerger region. The resulting detection r
were weighted with the theoretical differential cross sectio
for this transition. Measurements were not continued
higher energies where corrections were substantial.

In order to raise the interaction energy at which loss
remain small, the experiment was repeated with a higher B21

beam energy~36 keV!. By this time, however, the condition
of the video probe had degenerated to the point that
absolute magnitude of the form factors was unreliab
Hence these results were normalized in absolute magni
to the results obtained earlier at 20 keV. A normalizati
factor of 0.895 was obtained as the ratio of the step heigh
the 20-keV data divided by the step height of the 36-k
data.
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B. Ionization

The absolute cross sections for the electron-impact sin
ionization of 11B21 were measured using the ORNL crosse
beams apparatus. This method has been described in d
elsewhere@15–17#, so only a brief overview will be given
here. The B21 beam was obtained from the same EC
source as for the excitation measurements. Following
analyzing magnet and just before the collision region,
beam was charge purified in an electrostatic parallel-p
analyzer to reject charge-changed ions originating in
beam line. After undergoing ionization in the collision r
gion, the B31 reaction products were separated from the p
mary B21 beam using a 90° analyzing magnet. The prima
beam was directed into a Faraday cup while the product
were collected in a channeltron electron multiplier after b
ing bent by a 90° electrostatic deflector. As in the excitat
experiment described above, a form factor is necessar
quantify the overlap of the two beams. A moveable slit pro
was used to measure the vertical intensity distributions n
essary to calculate the form factor. The absolute cross
tions are then determined from the measurements using

s~Ecm!5
R

I i I e

qe2

e

v ive

Av i
21ve

2
F, ~3!

whereR is the product ion count rate,I i and I e are the inci-
dent ion and electron currents,qe is the charge of the inci-
dent ions,v i andve are the incident ion and electron veloc
ties, F is the form factor, ande is the channeltron detectio
efficiency for the product ions, estimated to be 98%@16#. In
this experiment background counts were observed when
ion beam was present but none when only the electron b
was present. Consequently, the electron beam was cho
and the counts from the channeltron were passed to two s
ers gated to receive the signal plus background and b
ground, respectively. The signal rateR was derived from the
difference between the scaler count rates.

III. IONIZATION THEORY

For a comparison to the present low-energy experime
results, we calculate electron-impact ionization cross s
tions for B21 using time-independent and time-depend
close-coupling approaches. The time-independent metho
based onR-matrix calculations employing a large pse
dostate basis in which we aim for convergence in our cr
sections to a few percent, while preserving the ability of
R-matrix method to efficiently generate results at many
ergies. The time-dependent close-coupling method is ba
on the propagation of wave packets and their projection o
a complete set of bound excited states. The excited-s
spectrum is calculated using a pseudopotential for the c
electrons. This approach eliminates problems of superela
scattering and keeps the lattice size relatively small.

A. Time-independent theory

We use anL2 basis to represent the bound and continu
states of the ion@18#. Excitation of the positive-energy state
corresponds to ionization. A more accurate approach, e
cially at low energies, is to project the positive-and
le
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negative-energyL2 states onto the true physical continuum
We use the programAUTOSTRUCTURE @19# to generate an
orthogonal set of Laguerre basis orbitals@20#. We use physi-
cal orbitals for those states that we wish to study transiti
between or from. TheN-electron configurations are built u
from the one-electron orbitals and then the Hamiltonian
diagonalized to obtain the set ofN-electron eigenenergie
and eigenstates. For B21, we use physical 1s, 2s, and 2p

orbitals and pseudoorbitals (nl̄) up to 15s, 14p, 13d, 12f ,
and 12g giving rise to a 55-term close-coupling expansio
Of these, nine of thes, eight of thep, seven of thed, and six
each of thef and g pseudoorbitals lie above the ionizatio
limit. A further refinement can be considered. If the initi
positioning of the pseudostate term energies is such that
~or more! lies close to the ionization limit then thelnl̄ scal-
ing parameters on the Laguerre orbitals@see Eq.~1! of Ref.
@20## can be adjusted~and hence the term energies! to ensure
that the ionization limit lies roughly midway between tw
term energies of the same symmetry, for each symme
This reduces the size of the effect of projection, which is
additional approximation. An optimum distribution for B21

was obtained on using the following values for the scal
parameters for the Laguerre orbitals:lns̄51.15, lnp̄51.04,
lnd̄50.98, lnf̄50.95, andlnḡ51.04. Thus our (R-matrix!
pseudostate basis is much larger than that of Marcha
et al. @7#. They were looking at excitation~up to n54) as
well as ionization and so used physical~Hartree-Fock! orbit-
als up ton54 and pseudo-orbitals up to 9s, 8p, 8d, and 7f .
This limited pseudostate expansion necessitated taking
average of results obtained from five separateR-matrix runs
using different scaling parameters. Even so, as Marcha
et al. @7# noted, their RMPS results fell significantly belo
their convergent close-coupling results for ionization
higher energies. In fact, our (R-matrix! calculations are
much closer in spirit to their convergent close-coupling c
culations.

We solve the time-independent close-coupling equati
using the R-matrix method @21#. Our starting point is
RMATRX I, the ~Breit-Pauli! R-matrix codes@22# developed
for the Iron Project@23#. A practical problem encountered i
the orthogonalization of the continuum basis orbitals~that
are used to describe the scattering electron! to the Laguerre
orbitals. Bartschatet al. @24# use a numerical Schmidt or
thogonalization procedure. We use an alternative appro
that we find to be more stable numerically when using
largeR-matrix continuum basis@20,25#. For B21, our ‘‘tar-
get’’ orbitals necessitate the use of anR-matrix box of radius
R526.7 and 30 continuum basis orbitals per angular m
mentum~initially ! to obtain cross sections converged to 1
up to an incident electron energy of 200 eV. We carried
LS-coupling calculations with exchange, as described abo
for L5028 together with a ‘‘top up’’ for higherL. The top
up merits further discussion. We make use of Seaton’sSTGF

asymptotic code@26#. The original version only topped up
dipole transitions inLS coupling, which often suffices for the
excitation of physical discrete states.~Later versions in use
also top up fine-structure transitions.! This is insufficient for
the excitation of pseudostates because there is a bias tow
high multipole transitions~in contrast to the normal ‘‘physi-
cal’’ case!. This is due to the fact that unitarity forces co
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vergence of the total cross section~i.e., summed over alll̄ )
before convergence is achieved in the partial cross sect
~i.e., each individuall̄ ); see@27# for a detailed study. We
find that topping up only the dipole and the quadrupole tr
sitions, for example, gives rise to a severe underestimat
the partial high-L contribution. We have implemented a to
up using the lowest positive 2l-pole for each transition@28#
to overcome this.

In our work on Be1 @29# we determined the ionization
cross section simply by summing-up the cross sections to
positive-energy pseudostates. A more refined treatment
developed for Na-like ions@28# and is applied here to th
case of B21. Following Gallaher@30#, we determine our ion-
ization cross section from

s ion5(
n̄

F12(
n

z^nun̄& z2Gs n̄ , ~4!

where un̄& denotes a positive- or negative-energy pseu
eigenstate,s n̄ is the excitation cross section~from the initial
ground state! to un̄&, and ^nu denotes a physical discret
eigenstate. Theun̄& and ^nu are themselves configuration
mixed states of the original target basis resulting from dia
nalization of theN-electron Hamiltonian. The sum overn̄ is
dominated by those pseudostates that lie just above and
low the ionization limit. The sum overn is over all physical
discrete states and its evaluation requires the overlaps
tween the pseudoorbitals and a Rydberg series of phys
orbitals. The point about this~approximate! form of the pro-
jection is that it takes place on the cross sections, not
scattering matrix, and so can be applied as a simple post
cessing exercise afterSTGFhas been run. Away from thresh
old the effect of projection is small for B21, resulting in a
reduction of less than 3%.

B. Time-dependent theory

Direct ionization cross sections for the outer 2s subshell
of B21 are calculated by direct solution of the tim
dependent Schro¨dinger equation@31,32#. The total wave
function is expanded as a product of a two-dimensional
dial function and a four-dimensional coupled spherical h
monic. By the variational principle the two-dimensional r
dial function is found to satisfy a coupled set of tim
dependent partial differential equations for each totalLS
symmetry. Each initialLS radial function is constructed a
either a symmetrized product of an incoming radial wa
packet for the scattering electron and a bound orbital for
valence electron in the case of singlet spin symmetry or a
antisymmetrized product in the case of triplet spin symme
The 1s2 core for B21 is represented by anl -dependent
pseudopotential@29#. The time-dependent close-couple
equations are then solved by lattice methods employing l
order finite differences. Each two-dimensional radial fun
tion is partitioned over the many processors found in
distributed-memory supercomputer. Time propagation
each lattice domain is performed independently with o
message passing at the domain boundaries. After the c
sion the two-dimensional radial functions are projected o
the one-dimensional radial eigenstates for a bound vale
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electron of B21. The resulting collision probabilities fo
elastic scattering and bound-state excitation are then
tracted from one to yield a total ionization cross section.

The 2s direct ionization cross section for B21 is calcu-
lated at electron-impact energies of 100 eV, 130 eV, and
eV. All calculations employed a lattice of 2003200 points
with a mesh spacing ofDr 50.2 a.u. At time zero the in-
coming radial wave packet representing the scattered e
tron is a Gaussian of width 5.0 a.u. centered at 20 a.u. fr
the nucleus. The total time propagation is given by 40 a
divided by the group velocity of the wave packet. For
incident energy of 100 eV the total time is 15 a.u., cor
sponding to 6000 time steps atDt50.0025 a.u. The numbe
of close-coupled equations increases as a function ofL. For
example, converged results forL50 may be obtained using
four close-coupled equations, while converged results foL
56 needed 16 coupled channels. Fortunately, the totaL
partial cross section~singlet plus triplet spin symmetries!
calculated using the time-dependent lattice method ag
quite well with the corresponding time-independe
distorted-wave cross sections at the higherL. Thus we used a
hybrid approach in which we added close-coupling resu
for L50 –6 with distorted-wave results forL57 –30. The
total direct ionization cross sections for B21 at the three
incident energies are shown as the cross-haired diamond
Fig. 3.

IV. RESULTS

A. Excitation

The excitation results are shown in Fig. 2 and are a
available in tabulated form@9#, with the relative measure
ments~ion energy 36 keV! normalized to the absolute mea
surements~ion energy 20 keV!. The error bars for the abso
lute measurements represent the relative uncertainty at
90% confidence level~C.L.!, which is the quadrature sum o
the relative uncertainties at the 68% C.L. from the count
statistics and from the relative uncertainties of the form f
tor ~2%!, multiplied by 1.7. The error bars for the relativ
measurements are obtained in a similar manner, but in
case the relative form factor uncertainty is 11%. The ou
error bar on the absolute measurement for 6.32 eV repres
the total expanded uncertainty at the 90% C.L., which is
quadrature sum of the relative uncertainty and the system
uncertainty, consisting of the uncertainties of the absol
value of the form factor~8%!, spatial delimitation of the
signal on the PSD~6%!, efficiency ~4%!, ion and electron
beam currents~1% each!, and ion beam purity~1%!.

Points of both the absolute and relative data sets appe
be at a maximum near 6.2 eV and at a minimum near 6.4
With the uncertainties as large as they are, it is impossibl
attach any reality to this suggested structure, but since
trend persisted in many data runs it seems worthwhile cal
attention to it. There appears to be no theoretical basis
any resonances in this region.

Also shown in Fig. 2 is an RMPS calculation of Bartsch
and co-workers@7,33#, convoluted with the experimental en
ergy spread of 0.24 eV and shifted to the spectrosco
threshold. This prediction is in excellent agreement with
present experimental results.
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B. Ionization

Measured ionization cross sections for electron-imp
ionization of B21 are shown, in comparison with other e
perimental and theoretical results, in Fig. 3 and are a
available in tabulated form@17#. In order to be consisten
with previous publications in this series of experiments
electron-impact ionization, e.g.,@16#, the error bars in Fig. 3
represent the relative uncertainty at the 68% C.L., while
tabulated results@17# contain both the relative uncertainty
the 68% C.L. and the total expanded uncertainty at the 9
C.L. The relative uncertainty at the 68% C.L. includes s
tistical counting uncertainties and a 2% uncertainty fro
form factor variations, added in quadrature. Systematic
certainties at the 90% C.L. are as follows: product ion det
tion and pulse transmission~5%!, transmission of produc
ions to the detector~4%!, absolute value of the form facto
~4%!, electron and ion current measurements~2% each!, and
electron and ion velocities~1% each!. To obtain the total
expanded uncertainties for the measurements, the rela
uncertainties, multiplied by 1.7~i.e., at the 90% C.L.! are
added in quadrature to the systematic uncertainties. A typ
total expanded uncertainty near the peak is 10%.

In Fig. 3 the present experimental and theoretical d
@time-dependent close-coupling~TDCC! theory and RMPS
theory# are presented and compared with previous data. V
good agreement is found between the experiment and
TDCC theory, while the RMPS theory underestimates
current experiment but still is within the total expanded u
certainty of 10%. The current experiment is consistent w

FIG. 2. Cross sections for electron-impact excitation of thes
→2p transition in B21 as a function of the center-of-mass energ
The absolute measurements~20 keV ion energy! are shown as solid
circles and the relative measurements~36 keV ion energy! are
shown as open circles. The error bars represent the relative u
tainties at the 90% C.L. and the outer error bar on the measure
at 6.32 eV respresents the total expanded uncertainty at the
C.L. The RMPS calculation@7,33# is convoluted with an experi-
mentally determined energy resolution of 0.24 eV and represe
by the solid line.
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the measurements of Hofmannet al. @4# and, to a lesser de
gree but still within the total expanded uncertainties, a
with the measurements of Crandallet al. @3#. The distorted-
wave-with-exchange~DWE! theory of Younger@8# is about
5% higher than the current experimental data around
peak. Very good agreement over the entire energy rang
found between the present experiment and the converg
close-coupling~CCC! theory of Marchalantet al. @7#, while
agreement with the RMPS calculation of Marchalantet al.
@7# is limited to the region around the peak.

The characteristic small oscillations in the RMPS resu
arise from the use of a finite basis to describe the continu
and arise to a greater or lesser extent in all RMPS and C
calculations. As the basis is extended toward completen
the oscillations disappear. While other authors smooth th
out with various methods, we prefer to show the raw resu
It is clear to the eye where a least-squares fitted curve wo
lie.

V. CONCLUSIONS

For B21, absolute electron-impact excitation cross se
tions for the 2s 2S→2p 2P transition and absolute electron

.

er-
nt
%

ed
FIG. 3. Cross sections for electron-impact single ionization

B21. The present experimental results are shown as solid cir
with the relative uncertainty at the 68% C.L. The present theor
shown as the cross-haired diamonds~time-dependent close
coupling calculation! and as the thick solid line
(R-matrix-with-pseudostates calculation!. The dot-dashed line is
the distorted-wave-with-exchange theory of Ref.@8#. The thin solid
line and the dashed line represent the convergent close-cou
and the RMPS calculations, respectively, of Ref.@7#. The triangles
represent the measurements of Ref.@4# and the squares represe
the measurements of Ref.@3#.
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impact ionization cross sections have been measured.
RMPS calculation of Bartschat and co-workers@7,33# is in
very good agreement with the present excitation cross
tions.

Excellent agreement has been found between the pre
ionization measurements and the present TDCC calcula
and also with the CCC calculation of Marchalantet al. @7#.
The data are also in good agreement with the measurem
of Hofmannet al. @4#, which are at the higher energies of th
present measurements. Both the TDCC and RMPS calc
tions show a reduction in the ionization cross section as
culated by distorted-wave theory. The difference in the t
close-coupling calculations is just within the overall nume
cal uncertainties found in these quite different approach
Although agreement is not as good with the present RM
calculation as with the TDCC calculations, the current m
sured data are still consistent with this calculation within
total expanded uncertainty as it is also with the DWE cal
lation of Younger@8#. The present measurements at the pe
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of the cross section are about 14% higher than the ea
measurements of Crandallet al. @3#, but again this is within
the combined total expanded uncertainties of the meas
ments.
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