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Absolute cross sections for electron-impact excitation of ts82-2p 2P transition of B* measured
between 5.4 and 7.0 eV are presented. The results are in good agreement \Ritmaiiex-with-pseudostates
(RMPS calculation of Marchalangt al. [J. Phys. B30, L435 (1997]. Also presented are cross sections for
electron-impact single ionization of?B, 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 Craha&l[Phys. Rev. A34, 1757(1986], but
agree well with experimental data of Hofmaenal.[Z. Phys. D16, 113(1990] and with the present and other
theoretical predictiond.S1050-294®8)01212-§

PACS numbd(s): 34.80.Kw

[. INTRODUCTION sured at the Oak Ridge National Laborat¢@RNL) using
) ) . .. the JILA/ORNL merged electron-ion beams energy loss
Experimental cross sections for electron-impact exc'tat'o%echnique. Full details of the method are given elsewhere

and ionization of ions are of importance in fields concerne 5,9] and only a brief description is included here. A sche-
with the modeling of high-temperature plasmas, such as fu:

sion and astrophysics, where the large amount of data needg&at'c of the experimental setup is shown in Fig. 1. In the

is mostly supplied by theoretical methods. The experimenta‘?mss‘ECE andB fields of a trochoidal analyzéfmerger”),

cross sections serve as benchmarks for these predictions afil €/€ctron beam performs two gyrations resulting in a dis-

can be used to set up scaling rules for isoelectronic sgllacement perpendicular to its original direction, while pre-
quences. The lithium isoelectronic sequence has been tf€rving its direction and velocity. Upon leaving the merger,
focus of a number of measuremerisee, e.g[1-6]) and is the electron beam is merged with 8 Bbeam selected from
of particular interest because transitions in Li-like ions arean electron cyclotron resonan¢ECR) ion source using a
commonly used in plasma diagnostics. 90° analyzing magnet. After traveling in a 68.5-mm-long
In this paper measurements of cross sections for thglectric-ﬁeld-free interaction region and experiencing inelas-
electron-impact excitation of thes2S— 2p 2P transition in tic as well as elastic collisions, the merged beams enter a
B2* are presented and compared with Bematrix-with- second trochoidal analyzéfdemerger”) through a set of
pseudostate§RMPS calculation by Marchalanet al. [7]. five apertures that stop electrons that are elastically scattered
Also presented are experimental data and calculations for th@f large angles and would otherwise reach the detector. The
electron-impact single ionization o8 with comparisons to ~ Primary electrons are deflected in the analyzer into a Faraday
previous experimental results of Crandatlal.[3] and Hof- ~ cup, while the inelastically scattered electrons strike a
mannet al. [4]. The present ionization results are also com-position-sensitive detectdPSD consisting of a pair of mi-

pared to other calculationg,8]. crochannel plates and a resistive anode. The ion beam, which
is not significantly affected by the two trochoidal analyzers,
Il. EXPERIMENT continues to travel through a set of deflectors and is bent by

90° to be collected in the ion Faraday cup. A two-

dimensional video prob¢lQ] is used to measure the flux
The absolute electron-impact excitation cross sections fodistributions of the electron and the ion beams, and therefore

the dipole-allowed transition 2-2p in 'B2" were mea- their overlap, at seven positions along the interaction region.

A. Excitation
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Large background count rates at the PSD from interacstatistical precision was achieved. Then the apparatus was
tions of both beams with surfaces and residual gas require prepared for the next electron energy by scaling the magnetic
four-way chopping scheme to determine the inelastic signafield and the voltages of the electron gun, the merger, and the
The PSD signal is sequentially read through a position comdemerger, typically different only by a few percent in order
puter and a first-in—first-out buffer into four histogram to ensure linearity of scaling an.d thus to obtain an electron
memory modulesM,, . .. ,M,) by switching the ion and/or beam with a constant overlqp with the ion beam._Before and
electron beam on and offl; = S+ B+ B, + B, (both beams after determining cross sections at several energies, the form
on), M,=B.+ By (electron beam on, ion beam pffM, factor was mgasured and an mterpglated value was used to
—B,+By (electron beam off, ion beam pnand M,=B, cl;alculaﬁe tthe I_lnal crozstﬁectlonls. ngst\pl)vrocedure ensu:je_g the}[t

s _ beam fluctuations and the scaling between energies did no
s s e el _ghange the overap of the bearns sgnicanty urng
ground, and the dark count rates, respectively. The sign ross schog measulr?ments. 'Th?henergtyh rggmr& ?r: mtereﬁt
associated with the inelastically scattered electrons is thegas scanned severa” Imes tsing this Mo ancitne Tesurs

i - i veraged for each energy. The data were fitted to a step
determined fromS = M;—M;—M3z+M,. Corrections fnction convoluted with a Gaussian distribution at the spec-

are made tdV 4, ... M, individually for the dead times of rgscopic threshold for the2+2p transition of 5.998 eV
the PSD and the position computer.. _ ~[11]. The data were then corrected by shifting the interaction
The excitation cross section at an interaction energy in thenergy to account for the contact potential and by subtracting
center-of-mass systef., is given by the below-threshold contribution to the cross section, assum-
S q€? vew; ing this contribution to be independent of energy. The ion-
o(Eem) =71 e L (1)  ization experiment described in Sec. 1B showed that a neg-
e'l e I

ligible fraction of metastable ions was present in the' B
whereSis the signal count rate of the inelastically scattered®@@m so that no correction to the ion current was needed.
electrons F is the form factor.e is the PSD detection effi- At energies above the transition threshold, inelastically
ciency, andv., v;, |, andl; are the laboratory velocities scattered electron_s may end up traveling backward _in t_he
and currents of the electrons and the ions of chaegased laboratory frame if the center-of-mass electron velocity in
qe, respectively. The efficiency of the PSD was measured dhe backvyard.dlrectlon' is larger than the ion velocity in the
be 0.481-0.018 in a separate experiment by alternately giforward direction. In this case the electrons do not reach the
recting an electron beam of a few femtoamperes onto thd®tector and corrections have to be @W@Zﬁfla Electrons
PSD and into a Faraday cup connected to a vibrating reetf@t are velocity matched to 20-keV'B“" ions have an
electrometer. From the ratio of the PSD counts and the cu€"€rgy of 1.0 eV, so that backscattering corrections were
rent in the Faraday cup the efficiency is determined. Thé&XPected to be substantial at energies higher than 1.0 eV
form factor F is determined from the electron and the ion @20ve threshold. The corrections were made USiMEON 3D

beam intensitieS(x,y,z) andH(x,y,2): [14], a three-dimensional trajectory modeling program that
simulated the demerger region. The resulting detection rates
f G(x,y,z)dx dyj H(x,y,z)dx dy were weighted with the theoretical differential cross sections
F= 2 for this transition. Measurements were not continued to
' higher energies where corrections were substantial.
f G(x,y,2)H(x,y,z)dx dy dz In order to raise the interaction energy at which losses
remain small, the experiment was repeated with a higRér B
wherez is the direction of the magnetic field. beam energy36 keV). By this time, however, the condition
Before taking data, the electron and the ion beams weref the video probe had degenerated to the point that the
tuned to minimize the background counts on the R8Pi-  absolute magnitude of the form factors was unreliable.

cally less than 100 counts per nA for each bgaihhen the Hence these results were normalized in absolute magnitude
20-keV ion beam was merged with the electron beam in théo the results obtained earlier at 20 keV. A normalization
interaction region and the form factér[Eq. (2)] was deter- factor of 0.895 was obtained as the ratio of the step height of
mined with the video probe. At a particular electron energythe 20-keV data divided by the step height of the 36-keV
the excitation cross section was measured until a reasonabdata.
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B. lonization negative-energy.? states onto the true physical continuum.

The absolute cross sections for the electron-impact singl¥/€ USe the programuTOSTRUCTURE[19] to generate an
ionization of 1'B2* were measured using the ORNL crossed-0rthogonal set of Laguerre basis orbite2§]. We use physi-
beams apparatus. This method has been described in detg@l orbitals for those states that we wish to study transitions
elsewherd15—17, so only a brief overview will be given between or from. Thé&-electron configurations are built up
here. The B* beam was obtained from the same ECRfrom the one-electron orbitals and then the Hamiltonian is
source as for the excitation measurements. Following théiagonalized to obtain the set ®f-electron eigenenergies
analyzing magnet and just before the collision region, theand eigenstates. For’B, we use physical 4, 2s, and

beam was charge purified in an electrostatic parallel-platgrpitals and pseudoorbitalﬂ up to 1%, 14p, 13d, 12f,
analyzer to reject charge-changed ions originating in thgng 12y giving rise to a 55-term close-coupling expansion.
bgam line. After gndergomg ionization in the collision '~ Of these, nine of the, eight of thep, seven of thed, and six
gion, the B reaction products were separated from the pri-gach of thef and g pseudoorbitals lie above the ionization
mary B*" beam using a 90° analyzing magnet. The primaryjini A further refinement can be considered. If the initial

beam was directed into a Faraday cup while the product IonBositioning of the pseudostate term energies is such that one

were collected in a channeltron electron multiplier after be- X P
. . . .-~ (or more lies close to the ionization limit then the, scal-
ing bent by a 90° electrostatic deflector. As in the eXC|tat|on( 9 :

experiment described above, a form factor is necessary ng parameters on the Laguerre orbitgse Eq(1) of Ref.

guantify the overlap of the two beams. A moveable slit prob 0] can be adjustetand hence the term energiés ensure

was used to measure the vertical intensity distributions nect—hat the ionization limit lies roughly midway between two

essary to calculate the form factor. The absolute cross sef€'™M energies of the same symmetry, for each symmetry.
tions are then determined from the measurements using This reduces the size of the effect of projection, which is an
additional approximation. An optimum distribution fo B

R g€ v, was obtained on using the following values for the scaling
7 (Eom) = lile € m : (3)  parameters for the Laguerre orbitals;s=1.15, X,,=1.04,

Nng=0.98, X;;=0.95, andXg=1.04. Thus our R-matrix)
pseudostate basis is much larger than that of Marchalant
et al. [7]. They were looking at excitatiofup ton=4) as
well as ionization and so used physi¢Blartree-Fock orbit-
als up ton=4 and pseudo-orbitals up ts98p, 8d, and 7.

whereR is the product ion count raté, andl . are the inci-
dent ion and electron currentge is the charge of the inci-
dent ionsp; anduv, are the incident ion and electron veloci-

ties,  is the form factor, and is the channeitron detection This limited pseudostate expansion necessitated taking the

efficiency for the product ions, estimated to be 9B8P6]. In verage of results obtained from five SCDARMBALIX 1UNS
this experiment background counts were observed when tharcrage . P
sing different scaling parameters. Even so, as Marchalant

x;sberaerz evx?sg ;ﬁzgntuglrjlilnOtnhivgfgtrg?]lybgh;melvigtsrocnhgeae daI. [7] noted, their RMPS results fell significantly below
b : d Y, PP&Seir convergent close-coupling results for ionization at
and the counts from the channeltron were passed to two Sce}{igher energies. In fact, ourRématrix) calculations are
ers gated to receive the signal plus background and back- A . i
ground, respectively. The signal r&Ravas derived from the much closer in spirit to their convergent close-coupling cal

difference between the scaler count rates. culations. . . . .
We solve the time-independent close-coupling equations

using the R-matrix method[21]. Our starting point is
1. IONIZATION THEORY RMATRX I, the (Breit-Paul) R-matrix codes[22] developed

For a comparison to the present low-energy experimente{Pr the Iron Projecf23]. A practical problem encountered is

results, we calculate electron-impact ionization cross sedn® orthogonalization of the continuum basis orbitétsat

tions for B2+ using time-independent and time-dependentare used to describe the scattering elegttorthe Laguerre

close-coupling approaches. The time-independent method fPitals. Bartschagt al. [24] use a numerical Schmidt or-
based onR-matrix calculations employing a large pseu-t ogonalization procedure. We use an alternative approach

dostate basis in which we aim for convergence in our cros'at We find to be more stable numerically when using a
arge R-matrix continuum basi§20,25. For B°*, our “tar-

sections to a few percent, while preserving the ability of th = . i -
R-matrix method to efficiently generate results at many endet’ orbitals necessitate the use of @matrix box of radius
ergies. The time-dependent close-coupling method is basdd—26-7 and 30 continuum basis orbitals per angular mo-
on the propagation of wave packets and their projection ontg€ntum(initially) to obtain cross sections converged to 1%
a complete set of bound excited states. The excited-staf® t0 @n incident electron energy of 200 eV. We carried out
spectrum is calculated using a pseudopotential for the corkS-coupling calculations with exchange, as described above,

electrons. This approach eliminates problems of superelastfr L =0—8 together with a “top up™ for higheL. The top
scattering and keeps the lattice size relatively small. up merits further discussion. We make use of Seatemtsr

asymptotic codd26]. The original version only topped up
dipole transitions ir. S coupling, which often suffices for the
excitation of physical discrete statgtater versions in use

We use arl_? basis to represent the bound and continuumalso top up fine-structure transitionghis is insufficient for
states of the iofi18]. Excitation of the positive-energy states the excitation of pseudostates because there is a bias towards
corresponds to ionization. A more accurate approach, espé&igh multipole transitiongin contrast to the normal “physi-
cially at low energies, is to project the positiveend cal” case. This is due to the fact that unitarity forces con-

A. Time-independent theory
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vergence of the total cross secti@re., summed over af) electron of B*. The resulting collision probabilities for

before convergence is achieved in the partial cross sectioredastic scattering and bound-state excitation are then sub-

(i.e., each individual_); see[27] for a detailed study. We tracted from one to yield a total ionization cross section.

find that topping up only the dipole and the quadrupole tran- The 2s direct ionization cross section for?B is calcu-

sitions, for example, gives rise to a severe underestimate d¢ated at electron-impact energies of 100 eV, 130 eV, and 160

the partial hight contribution. We have implemented a top eV. All calculations employed a lattice of 28@00 points

up using the lowest positive*2pole for each transitiofi28]  with a mesh spacing aAr=0.2 a.u. At time zero the in-

to overcome this. coming radial wave packet representing the scattered elec-
In our work on B€ [29] we determined the ionization tron is a Gaussian of width 5.0 a.u. centered at 20 a.u. from

cross section simply by summing-up the cross sections to thie nucleus. The total time propagation is given by 40 a.u.

positive-energy pseudostates. A more refined treatment wafivided by the group velocity of the wave packet. For an

developed for Na-like ion$28] and is applied here to the jncident energy of 100 eV the total time is 15 a.u., corre-

case of B*. Following Gallahef30], we determine our ion- sponding to 6000 time steps At=0.0025 a.u. The number

ization cross section from of close-coupled equations increases as a functidn &or
o example, converged results for=0 may be obtained using
Tion=2 | 1= 2, [n[n)]? | o, (4)  four close-coupled equations, while converged resultd_for
n n =6 needed 16 coupled channels. Fortunately, the total

_ partial cross sectiorfsinglet plus triplet spin symmetrigs
where |n) denotes a positive- or negative-energy pseudocalculated using the time-dependent lattice method agree
eigenstateg, is trf excitation cross sectidfrom the initial  quite well with the corresponding time-independent
ground statgto |n), and(n| denotes a physical discrete distorted-wave cross sections at the highefhus we used a

eigenstate. Thén) and (n| are themselves configuration- hybrid approach in which we added close-coupling results
mixed states of the original target basis resulting from diagofor L=0-6 with distorted-wave results fdr=7-30. The
nalization of theN-electron Hamiltonian. The sum ovaris  total direct ionization cross sections fo B at the three

dominated by those pseudostates that lie just above and b'@cident energies are shown as the cross-haired diamonds in
low the ionization limit. The sum over is over all physical  Fig- 3.

discrete states and its evaluation requires the overlaps be-

tween the pseudoorbitals and a Rydberg series of physical IV. RESULTS

orbitals. The point about thi@pproximate form of the pro-
jection is that it takes place on the cross sections, not the
scattering matrix, and so can be applied as a simple postpro- The excitation results are shown in Fig. 2 and are also
cessing exercise aftsrGFhas been run. Away from thresh- available in tabulated forni9], with the relative measure-

old the effect of projection is small for %, resulting in a Ments(ion energy 36 keY normalized to the absolute mea-
reduction of less than 3%. surementgion energy 20 keV. The error bars for the abso-

lute measurements represent the relative uncertainty at the
90% confidence levelC.L.), which is the quadrature sum of
the relative uncertainties at the 68% C.L. from the counting
Direct ionization cross sections for the outes ubshell  statistics and from the relative uncertainties of the form fac-
of B2 are calculated by direct solution of the time- tor (2%), multiplied by 1.7. The error bars for the relative
dependent Schdinger equation[31,32. The total wave measurements are obtained in a similar manner, but in this
function is expanded as a product of a two-dimensional raease the relative form factor uncertainty is 11%. The outer
dial function and a four-dimensional coupled spherical har-error bar on the absolute measurement for 6.32 eV represents
monic. By the variational principle the two-dimensional ra- the total expanded uncertainty at the 90% C.L., which is the
dial function is found to satisfy a coupled set of time- quadrature sum of the relative uncertainty and the systematic
dependent partial differential equations for each tdt&8l  uncertainty, consisting of the uncertainties of the absolute
symmetry. Each initiaL S radial function is constructed as value of the form facton8%), spatial delimitation of the
either a symmetrized product of an incoming radial wavesignal on the PSO6%), efficiency (4%, ion and electron
packet for the scattering electron and a bound orbital for thébeam current$1% each, and ion beam purity1%).
valence electron in the case of singlet spin symmetry or as an Points of both the absolute and relative data sets appear to
antisymmetrized product in the case of triplet spin symmetrybe at a maximum near 6.2 eV and at a minimum near 6.4 eV.
The 1s? core for B" is represented by aw-dependent With the uncertainties as large as they are, it is impossible to
pseudopotential[29]. The time-dependent close-coupled attach any reality to this suggested structure, but since this
equations are then solved by lattice methods employing lowtrend persisted in many data runs it seems worthwhile calling
order finite differences. Each two-dimensional radial func-attention to it. There appears to be no theoretical basis for
tion is partitioned over the many processors found in aany resonances in this region.
distributed-memory supercomputer. Time propagation of Also shown in Fig. 2 is an RMPS calculation of Bartschat
each lattice domain is performed independently with onlyand co-worker$7,33], convoluted with the experimental en-
message passing at the domain boundaries. After the collergy spread of 0.24 eV and shifted to the spectroscopic
sion the two-dimensional radial functions are projected ontdhreshold. This prediction is in excellent agreement with the
the one-dimensional radial eigenstates for a bound valengeresent experimental results.

A. Excitation

B. Time-dependent theory
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FIG. 2. Cross sections for electron-impact excitation of tee 2 o 1
—2p transition in B* as a function of the center-of-mass energy. L
The absolute measuremefi2® keV ion energyare shown as solid -
circles and the relative measuremeri86 keV ion energy are 3 | | |

shown as open circles. The error bars represent the relative unce ' 50 100 150 — 200
tainties at the 90% C.L. and the outer error bar on the measuremer

at 6.32 eV respresents the total expanded uncertainty at the 909. Electron Energy (eV)

C.L. The RMPS calculatioi7,33] is convoluted with an experi-
mentally determined energy resolution of 0.24 eV and representeg2
by the solid line.

FIG. 3. Cross sections for electron-impact single ionization of
*. The present experimental results are shown as solid circles
with the relative uncertainty at the 68% C.L. The present theory is
shown as the cross-haired diamondgsme-dependent close-
coupling calculation and as the thick solid line
Measured ionization cross sections for electron-impactRr-matrix-with-pseudostates calculatioriThe dot-dashed line is
ionization of B+ are shown, in comparison with other ex- the distorted-wave-with-exchange theory of &l The thin solid
perimental and theoretical results, in Fig. 3 and are alsdine and the dashed line represent the convergent close-coupling
available in tabulated formil7]. In order to be consistent and the RMPS calculations, respectively, of H&l. The triangles
with previous publications in this series of experiments onrepresent the measurements of Hdi. and the squares represent
electron-impact ionization, e.d.16], the error bars in Fig. 3 the measurements of R¢B].
represent the relative uncertainty at the 68% C.L., while th
tabulated resultgl7] contain both the relative uncertainty at

the 68% C.L. and the total expanded uncertainty at the 909 ree but still within the total expanded uncertainties, also

; . . ith th ts of Crandatlal. [3]. The distorted-
C.L. The relative uncertainty at the 68% C.L. includes Sta’w;ve-v?itmiiiﬁ;mgggvsvé) threaonryaofachuLger[%] iISS gtr)gut

tistical counting gncertainties.and a 2% uncertainty .fromS% higher than the current experimental data around the
form factor variations, added in quadrature. Systematic Unpeak. Very good agreement over the entire energy range is
certainties at the 90% C.L. are as follows: product ion detecfound between the present experiment and the convergent-
tion and pulse transmissiof5%), transmission of product close-couplingCCC) theory of Marchalanet al. [7], while
ions to the detectof4%), absolute value of the form factor agreement with the RMPS calculation of Marchalanal.
(4%), electron and ion current measureme(@% each, and  [7] is limited to the region around the peak.
electron and ion velocitie§l% each. To obtain the total The characteristic small oscillations in the RMPS results
expanded uncertainties for the measurements, the relativaise from the use of a finite basis to describe the continuum
uncertainties, multiplied by 1.7.e., at the 90% C.).are  and arise to a greater or lesser extent in all RMPS and CCC
added in quadrature to the systematic uncertainties. A typicalalculations. As the basis is extended toward completeness,
total expanded uncertainty near the peak is 10%. the oscillations disappear. While other authors smooth them
In Fig. 3 the present experimental and theoretical dat®ut with various methods, we prefer to show the raw results.
[time-dependent close-couplindDCC) theory and RMPS  Itis clear to the eye where a least-squares fitted curve would
theory] are presented and compared with previous data. Ver{}e-
good agreement is found between the experiment and the
TDCC theory, while the RMPS theory underestimates the
current experiment but still is within the total expanded un- For B?*, absolute electron-impact excitation cross sec-
certainty of 10%. The current experiment is consistent withtions for the 22S—2p ?P transition and absolute electron-

B. lonization

%he measurements of Hofmaen al. [4] and, to a lesser de-

V. CONCLUSIONS
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impact ionization cross sections have been measured. Thed the cross section are about 14% higher than the earlier
RMPS calculation of Bartschat and co-workgvs33] is in ~ measurements of Crandait al. [3], but again this is within
very good agreement with the present excitation cross see¢he combined total expanded uncertainties of the measure-
tions. ments.

Excellent agreement has been found between the present
ionization measurements and the present TDCC calculation
and also with the CCC calculation of Marchalaital. [7]. ACKNOWLEDGMENTS
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