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High-resolution doubly differential cross-section measurements and calculations for quasifree electrons elas-
tically scattered through 180° from ground-state He- and H-like boron ions are presented. The measurements,
covering the entirgfor B3*) and(for B**) Rydberg series populated by resonant excitation, were performed by
zero-degree Auger projectile electron spectroscopy of 3.91 M&VaRd 3.08—7.48 MeV & ions in colli-
sions with H targets. The projectile energy dependence study is used to further investigate other background
contributions such as direct electron capture, direct excitation, and nonresonant transfer exBitatairix
calculations, particularly sensitive at this large scattering angle to electron correlation, exchange, and interfer-
ence effects, are found to be in excellent overall agreement within the electron scattering model.

DOI: 10.1103/PhysRevA.69.052718 PACS nuniber34.50.Fa, 32.80.Hd, 32.80.Dz

I. INTRODUCTION mined for DR[An=0 from metastable ©(1s2s31S) [7],
—_ +
Electron-ion differential scattering measurements probeAn_l from O™(1s) [8], and ground-state T(1s") [9]], as

the delicate interplay between the electron, the short-rang‘é(?" as from_ other H.C.I[lo]’ primarily !n ion sto.rage rings
with very high precision, by extracting the final charge-

scattering potential due to the electronic structure of the ion h dqi £ thoudh lent I Cwith
and the long-range Coulomb potential due to the ion’s charg anged lons. even though excellent overall agreement wi
eory has mostly been found, some information is lost since

[1]. Small-angle(9=80°) electron scattering2,3] corre- otal cross sections do not include interference effects be
sponds to distant collisions. Therefore, it is dominated by th .
ween cross term@ee Sec. |V B beloyy which can only be

ionic Coulomb potential and it exhibits Rutherford scatteringfu” investigated bydifferential electron-ion scattering mea-
behavior, which is well understoo@l]. Large-angle(# sur}émentsg 9

= 80°) scattering/4] corresponds to a deeper probing of the
atomic structure near the distance of closest approach. It i
therefore much more sensitive to correlation, exchangé‘ DIFFERENTIAL ELECTRON SCATTERING FROM HCI
[1-4], bound-state resonances, and interference effects Differential electron-ion scattering measurements are still
[1,5,6, especially at the largest scattering angles aroind very scarce. The extremely low luminosity inherent in these
=180° [3,5]. These effects are particularly enhanced intypes of crossed or merged beam experiments limits the de-
electronion collisions since there are many more boundtection count rates, requiring special low signal-to-noise
channels available compared to those in elecatamscat-  techniques and ultrahigh-vacuutdHV) conditions of better
tering [1]. than ~1071° Torr. Some of the first pioneering experiments
Electron scattering from highly charged io$Cl) with  were performed at the Jet Propulsion Laboratory in the be-
just a few electrons, such as H-like and He-like ions, offersginning of the 1980s using electron-energy-loss spectroscopy
some of the simplest testing grounds of atomic structure angith a merged-beam apparatus to study differential impact
collision theory. The formation of bound, doubly excited excitation of Md, Zn*, and Cd ions in the small-angle scat-
two- and three-electron states is populated by resonant exdiering rangef=4°—16°[11-13. More recently, Hubeet al.
tation (RE), an inverse Auger process in which the ionic [14], using a double-stage cylindrical energy spectrometer,
electron undergoes an excitation in the principal quantum reported on the measurement af-33p excitation differen-
numbern while the impinging electron is simultaneously tjal cross sections in the angular range between 13° and 29°
captured. These resonances can then relax either by phot@sy 100 eV electron impact on Af ions. These studies were
or electron emission, in which case the process is known asxtended to also include elastic scattering of heavy multi-
dielectronic recombinatioDR) or resonant elastic scatter- charged iongXe®*, Xe®*, and B&") by electrons of collision
ing (RES), respectivelyTotal cross sections have been deter-energy below 50 eV in the angular range between 30° and
90°[2]. The same group also reported on larger angle elastic
nonresonant scattering measuremefiigtween 32° and
*Present address: Institute of Electronic Structure and Laser, P.d.48° for both X&76* and A®* ions[4]. A crossedE andB
Box 1527, 71110 Heraklion, Crete, Greece. field trochoidal analyzer was used by Gebal. to investi-
"Email address: tzouros@physics.uoc.edu gate the backscattering of electron impact excitation of
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Ar’*(3s— 3p) [15]. A similar technique was used by Green- sively studied in the literature and numerous articles can be
wood et al. [3] to extend the angular range all the way from found both for BEe(see, for example[40,43-49) and
120° to 170° for 3.3 eV electron scattering of*Aons, thus RTEA (see, for exampld23,38,50-5§. The realization that
including a good part of the very sensitive large-angle scatboth RTEA and BEe could be treated within the ESM on the
tering region[16]. Finally, Srigengaret al.in 1996[17] stud-  same footing as quasifree elastic resondot RTEA) and
ied elastic electron scattering from Nians over the angular nonresonantfor BEe) electron scattering from HCI led to
range §=25°-95°. To our knowledge, there have been nothe use of the powerful electron scatteriRgmatrix tech-
new results reported since then. Furthermor@resonances nique to describe both processes. An evolution in nomencla-
have ever been traced out in any type of merged or crossddre reflecting this deeper understandifl,42,49,57—-6D
beam electron-ioscatteringexperiments. A recent review of has followed, and thus the term RES, which includes not
the field has been given by Willianjg]. only the resonant part but also interferences between the
Quasifree electron-ion differential scattering measure- resonant and nonresonant part, is used here instead of the
ments overcome the low luminosity problem by exploiting older RTEA, while the intermediate resonant state population
the ~10® times higher luminosity of collisions between mechanism will be referred to as RE. RTEA singly differen-
lightly boundtarget electrons and energetic HCI producedtial cross sectiongSDCS measured prior to 1996 have al-
from an accelerator. The luminosity increase primarily re-ways been found to be smaller than the existing theory, while
sults from the much higher densities possible with neutraRTEX (RTE measurements of the emitted x-f@2] rather
gas targets. The lightly boun@uasifre¢ target electrons, than Auger electronsSDCS have always been in good
under the right conditions, scatter from the ion as if they areagreement with theory23]. In RTEX (just like DR), it is
free. Over the past 20 years, investigations covering a largeell known that the direct contribution due to RR is usually
variety of projectile ions in energetic collisions with mostly negligible near resonance, as is the interference term. On the
H, and/or He targets showed that the excitation of projectileother hand, in RTEAjust like electron scatteringthe direct
ions contains substantial contributions from direct projectile-and interference terms are quite sizable, and the interference
electron-target-electrofe-e) interactions over and above the often is a reducing factor from a purely Lorentzian feature,
usual projectile-electron-target-nucleug-n) interactions. as is shown here. Thus, the older RTEA formulations of the
The collisional energy dependence of the measured projectileast based on simple Lorentzian considerations will gener-
excitation cross sections exhibited characteristics usually asdly work for RTEX but not for RTEA.
sociated with electron impact phenomef8-21. Thus, Quasifree electron-ion scattering investigations have been
strong resonance phenomena observed in resonance transfefined over the past decad21,41,49,57,61,82 substan-
excitation (RTE) measurementf22,23 could be associated tially reducing undesirableucleusion contributions(e.g.,
with RE, radiative electron captutdREC) corresponded to e-n interaction$ by choosing favorable collision conditions
radiative recombinatiofRR) [24—27 and electron impact and lowZ targets[21,4§. Good agreement with more recent
threshold, target recoil and electron exchange effects, usufd-matrix calculations have caught the attention of the
signatures of electron impact excitation and ionization, wereelectron-ion scattering communifit,10] and include mea-
clearly identified in the excitatioi28—3(Q and ionization surements of resonant and nonresonant el§d8c58 and
[31-37 of projectile ions in ion-atom collisions, respec- inelastic[42,57] electron scattering from H-like ions, as well
tively. as superelastic scattering from metastable He-like ions
In particular, when the projectile velocity, is much  [59,60. Recent reviews of quasifree electron scattering can
larger than the velocity of the bound scattering electron, be found in Refs[21,41,57,62,6B
i.e., whenv=V,/v>1, the so-called impulse approximation ~ The unified BEe-RTEA treatment first proposed by Bhalla
(IA) [6,21,36,38-4p is valid, describing the quasifree [6], as also early ESNR-matrix investigations[64], were
electron-ion interaction as the interaction ofrae electron  focused primarily on the & D state, thesingle strong RE
with a momentunp, distribution given by its Compton pro- line seen in the &I’ Rydberg series of H-like ion$58].
file J(p,). More recently, it has become evident that pro-Good agreement between theory and experiment was found.
cesses describing electrons emitted from ion-atom collisionsThis comparison, however, only tests calculations over the
such as, for example, the binary encounter electi@s)  Very narrow energy range of a single liteg., the »? 'D).
[40,41 and RTEA[23] electrons(Auger electrons ejected Opening up the much richer resonance structure of the
from doubly excited ionic states produced by BT@here 1s2Inl” Rydberg serieg9] by scattering fromground-state
the contributions from target-nucleus interactions can bdle-like ions allows for a much more extensive testing of
minimized, basically correspond to the processes of nonresgheory. However, such absolutkfferential scatteringmea-
nant elastiafor BEe) and resonantfor RTEA) electron-ion ~ surements haveeverbeen performed, primarily because He-
scattering. A unified treatment of both resonant and nonlike ions usually include a large fraction of2s3S meta-
resonant electron-ion scattering in ion-atom collisions thusstable state$ss [56,65, which is hard to measure directly.
seemed appropriate and became known as the electron scRecently, we reported on a new technique for obtaining al-
tering modeESM) [6,41,43. The ESM incorporates the IA most metastable-free®8(1s?) beams[65,66. Here, we uti-
in the first half of the scattering process and includes botlize this technique to measure the absolute doubly differen-
resonant and nonresonant scattering in one coherent afial cross section(DDCS) of 180° elastic(resonant and
proach[6]. nonresonantquasifree electron scattering frognound-state
Before the ESM, the BEe and RTEA processes were alHe-like B¥*(1s?) ions. State-of-the-af®-matrix calculations
ways treated separately. These processes have been extatilized within the ESM are compared to the data. Prelimi-
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FIG. 1. (Color online Sche-
matic of the zero-degree Auger
projectile electron spectroscopy
setup at the JRML. The ion beam
interacts with the gas target, con-
fined by the gas-cell, transverses
the spectrograph, and exits
through a hole at the back. The
ion beam current is recorded at the
Faraday Cup for normalization
purposes. The electrons emitted
from the target area are focused
and decelerated by the four-
element lens into the hemispheri-

4-Element Focusing
Decelerating Lens

Faraday Cup

- Differe'l'{tizlilg’:"mped cal deflector analyze(HDA) en-
try. After a deflection through
180°, they are detected at the two-
dimensional position sensitive de-
tector (2D-PSD.

10 cm
Turbo
Pump
nary results were presented at conferen@3 and more A single-stage biased paracentfitl—73 hemispherical

recently published as a Rapid Communicatjéi]. A more  spectrograph, incorporating a hemispherical deflector ana-
extensive coverage is also given here of both theoretical ankfzer (HDA), a 40 mm active diameter two-dimensional po-
experimental details including results and analysis of colli-Sition sensitive detectaiPSD) with resistive anode encoder
sional energy dependence of RES DDCS. In Secs. Ill and [\a&nd a.4—element focusing Iens.was utilized to reqord the eleq-
a more detailed account of both experimental and theoreticdfon Yields at zero degrees with respect to the ion-beam di-
procedures is presented. In Secs. V and VI, the data arf@ction, 6 =0°. The operation and performance of the novel

presented, analyzed, and discussed, with a summary and Cdﬂased paracentric spectrograph have been partia_lly described
clusion following in Sec. VII. in the literature[74—74. In short, as shown in Fig. 1, the

electrons emitted from the gas-cell &t=0° within a solid
angle of 0.848° subtended by the 4-mm-diam entrance lens
Il. EXPERIMENT aperture were focused into the analyzer, where they were
energy analyzed and detected at the PSD. The l@gam

The measurements were performed in the J. R. Mac:diam) size of the HDA entry assured a 100% electron trans-
donald LaboratoryJRML) at Kansas State University utiliz- mjssjon over the deceleration range used. The double focus-
ing the 7 MV EN tandem Van de Graaff accelerator. THé B  ing properties of the HDA combined with the use of the PSD
ions were produced directly from the tandem accelerator afallowed for a very high detection efficiency, since the spec-
ter colliding the negatively charged incident Beam with  trum was recorded simultaneously over an energy window of
the accelerator’s Ngas stripper. In this way, less thamB%  about~20% of the nominal pass energy. The measurements
of the metastable sPs3S state was producefb9]. Such a  were performed in high-resolution mode using a deceleration
practically pure ground-state®51s?) beam was essential for factor F=4, corresponding to a full width at half maximum
the experiments, as the strong presence of metastable io(BWHM) energy resolution of~0.15% in the laboratory
would not only complicate the spectra both in line identifi- frame (or ~0.30% in the projectile rest frampeln some
cation and mechanisms involv§@7], but also introduce un- cases, the spectra were obtained after matching four or five
certainties in the absolute DDCS determination associatedverlapping energy windows. An example is shown in Fig. 2,
with the necessary determination of the metastable fractiowhere the zero-degree DDCS electron spectra for the
[65,69,70. The B** beams were obtained after post-stripping 4.00 MeV B**(1s?) +H, collision system are plotted in the
the primary B* beams in thin5 ug/cn¥) carbon foils prior  laboratory frame.
to their magnetic selection. The®Fion beams, used for All measurements were taken under single-collision con-
benchmark measurements, were produced by post-strippirditions using an KHgas target at a pressure of 20 mTorr. The
the F** primary beams. All ion beams were collimated down gas-cell was differentially pumped, establishing a chamber
to 1.5 mn? by two pairs of slits, and finally collided with the pressure of 3. Torr at a gas-cell pressure of 20 mTorr,
H, target in a 5-cm-long gas-cell. while the gas-cell’'s differentially pumped region maintained
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FIG. 2. (Color onling Zero-degree laboratori) electron spec-
tra obtained in 4.00 MeV B(1s?) +H, collisions. The data were
recorded after overlapping five different spectra segments of pro-
gressively larger tuning energi®¥. A deceleration factor oF =4

was used for all spectra.
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The ion beam was collected in a shielded Faraday cup
(FC) with electron suppression located after the exit aperture
of the spectrograph. The recorded beam current was used for
the data acquisition charge normalization. Typical beam cur-
rents were of the order of a few nA, while in some cases
(e.g., B") currents as low as 100 pA could be utilized, thus
demonstrating the much improved efficiency of the new
spectrograpi74,79 over the older two-stage tandem elec-
tron slit spectrometef77]. Thus, traditionally low intensity
boron ion beams not previously practical could now be used
in our measurements. Some of the important experimental
parameters are listed in Table I.

IV. DDCS CALCULATIONS
A. Electron scattering model

The ESM is important, as it provides a simple and general
framework for linking electron scattering processes in the
two rather distinct fields of ion-atom and ion-electron colli-
sions[21]. As already mentioned, at the heart of the ESM is
the 1A, which is known to be valid when> 1. Thus, during
the collision time, the target electron may be considered to
be fixed. Viewing the collision process from the projectile
rest frame, the electron can be treated as a free particle ap-
proaching the projectile ion with a velocity=V,+v. Then,
the electron impact energy in the projectile framis written

a pressure of 3@ Torr. However, this differential pumping  as(in atomic unitg [21]

was inadequate and contributions from outside the gas-cell
accounted for up to 80% of the signal. Thus, a second back-
ground spectrum was also taken by flooding the beam line
with H, (empty gas-cejlfrom an independent orifice to the
same chamber pressure as in the loaded gas-cell measuveéhere p; is the momentum components in thex,y,z di-
ment. This spectrum was then subtracted from the loadetkections. Brandt, in the first IA model applied to ion-atom
gas-cell spectrum, resulting in a background-free electrorollisions [38], neglected thepj2 terms. Itohet al. [78] ad-
spectrum. MKS Baratron capacitance manometers were usegnced Brandt's approximation by subtracting also the ion-
with an electronic valve feedback system to maintain a conization energy of the active target electr&n as a further
stant pressure throughout the measurements. correction. Leeet al. [40] improved the agreement between

1- 1 1
o= (Vp+0)?= Vot pVp+ 5; P, (1)

TABLE |. Table of experimental paramete&3].

Value Description
R, 72.4 mm HDA inner radius
R, 130.8 mm HDA outer radius
Ro 82.6 mm Center of HDA entry aperture
dpsp 40 mm Active diameter of PSD
de 4 mm Diameter of lens entry aperture
do 6 mm Diameter of HDA entry aperture
A6 0.868° Full angular acceptance
totc 1-1.2 Measured dead time correction
N, (3-6)x 102 Number of ions collected
L. 51.75 mm Effective length of target gas-cell
n 6.44x 10'* molecules/cri density of H, at 20 mTorr and 300 K
| 264 mm Mean target to lens distance
AQ 1.8X 107 sr Full acceptance solid angle
0.81 Overall grid transmission
7 ~0.20 Absolute efficiency of PSD
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the IA model and experiment by keeping tBe correction
along with thep? term while ignoring thep; and p; terms.
Following Lee’s approximation, Eql) can be written as

1 1
sz§v§+pzvp+§p§—E,. 2

Thus, within the 1A, the electron DDCS in the projectile rest

frame for the ion-atom collision can be related to the SDCS

do(e, 6)/dQ), for the free electron-ion collision as

d’o (e, 6) do(e, 6) J(p,) 3
dQde quasifree dQ free Vp + pz’
where
p.=\2(s +E) =V, 4
obtained by solving Eq.2) for p,, and
3p)= [ [ ap.apjuo? ©

is the Compton profile which gives the probability to find a
specific target electron with amomentum component,,
wherez is the direction of the projectile velocity«(p) is the
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V, and target species binding energy according to #y.
Finally, the Compton profild(p,) is evaluated ap, and the
DDCS for the quasifree electron is obtain as given by Eg.
(3). In this procedure, the free-electron SDCS need only be
calculated once at eaghand can then be used for any ion
collision energy required. We have used this procedure to
evaluate DDCS in our ion-atom collisional energy depen-
dence study below with the free-electron SDCS evaluated by
the R-matrix method.

B. Theoretical electron-ion scattering cross sections

1. SDCS

All existing RTEA calculations to date have applied the
IA formulation presented in Eq3). The differences between
calculations have to do primarily with the formula used for
the free-electron SDCS, i.edo/dQlqe and its evaluation.
Here we use the SDCS formula given by Griffin and Pin-
dzola[5]. For scattering from an initial ionit;=0 state to a
final ionic L;=0 state, the initial and final angular momenta
for a given partial wave are equd|=I;=1I). Then the angu-
lar differential cross-section expressifiag. (4) in Ref. [5]]
can be considerably simplified, and is given in atomic units
per steradiaria.u./si by

impinging target electron wave function in momentum space. doye  dof™ doi™ doff
Calculated Hartree-Fock Compton profiles are available in d_Q= daQ + T + a0 (6)
the literature[79], while for H, and He targets, analytic ex-
pressions have been derived from experimental [B@h with
In a typical DDCS calculation, first the SDCS for the free doSoul (k)2
electron is calculated as a function of the electron energy LI ¥ zq_ 4' (Rutherford term, (7)
Thenp, is calculated for each at the particular ion velocity dQ 4k sin’(60/2)
|
dof (a/k)
=- interference ter
dQ "4(25 + 1)K sir?(612) ( "
Imax
XIm| e i @RsiEE213 (254 1) > (21 + 1)P,(cos )2l @k @l (i — f)} , (8)
S 1=0
dofy 1 oy < (| / x)z
=—>,(2S+1 20+ D2l +1 20 +1 P,(cosé
10 "85+ D> ! )Eo< ) )F% @+, o ) Pa(cose)
X ei["'(q’ki)+"'(q’kf)"""(q’ki)"""(q’kf)]T;W(i — f)Tg(i — f) (short-range term (9)

where
o(x)=ard'(l + 1 -ix)] (10

is the Coulomb phase shift. Heres 3k? ande¢=3k? are the
initial and final energies of the electron, respectively, &nd

spin§ =0 or the final target ionic spi§;=0; for triplet-triplet
scattering, then the sum is froBF3 to Szg. For #=180°,
P,(cos#)=(-1)*. The sums ovel andl’ extend from O to
the maximum partial wave includeb, T}'ff’“ is an element

of the transition matrix for a given total angular momentum

andl’ are the orbital angular momenta of the electron. FolL, total spinS, and parityll connecting initial staté to final

B#*, the sum over total spins is fro®=0 to S=1. For B**,
the sum includes onI;S:%, if either the initial target ionic

statef [5]. For the particular case at harid=L;=0, it fol-
lows thatl;=I;=1=L, with [I=(-1)' so that we can use the
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shorthand notatio™ S”(i—>f)ET:IS("1>|. Thus, all the effort e + B (1) — e(180") + B¥(15)
goes into the calculation of th€ matrices, which are then 1 o
inserted into Eq98) and(9) to evaluate the differential cross = I
sections. Th& matrices, in thid;=L;=0 case, are diagonal ] @
in the quantum numbdil’) and need to be evaluated on a ]

very dense energy grid so as to resolve sufficiently all reso-
nances. Various approaches have been used in evaluating the
transition matrices, such as close-coupling, distorted wave,
and/or R-matrix methods. Differences between the various
approaches have been observed in the evaluation of the
SDCS, particularly ap=180°, even though total cross sec-
tions give very similar resultgs]. Here we use th&-matrix 3] - Rutherford
approach described in Sec. IV B 3. ] T f;';g;f‘;aeggz

The first term, given by Eq(7), is the Coulomb term 4 Sum
corresponding to the long-range, pure Coulombic potential s
for an ion with charge statg. Elastic scattering of quasifree 150 155 160 165 170 175
electrons from ions gives rise to the BEe peak already men- Electron Energy (eV)
tioned[47]. In particular, when the ion ibare, the other two
scattering terms are zero since there can be no short-range FIG. 3. (Color onling Blow-up of R-matrix calculations show-
(direct or resonaptamplitude, and therefore no interference ing the contribution of the three individual terms of K6) for 180°
term either. In this case, the well-known Coulomb scatteringelastic electron scattering from3g1s?). Both interference and
SDCS formula has been shown to be valid, demonstratinghort-range terms are seen to have substantial nonresonance
unambiguously the validity of the ESM in collisions with contributions.
two-electron targets such as Hnd He[40]. Even in the case
of many-electron targets such as Ne, Ar, Xe, and&lj, as 2. Total cross-section calculations
well as complicated moleculg¢82], in which electrons from
different shells can contribute with different Compton pro-  Total electron scattering cross sections cannot be directly
files and binding energies, the ESM has also been shown ®@xtracted by integrating Eq(6) over solid angle dQ)
be a good approximation. Earlier studies of the Coulomb oFd(cos#)d¢, since the first two terms would give infinite
BEe contributions in collisions withonbareor clothedions  contributions. However, contributions from the third term are
have also shown the validity of the ESN83,84. The non- finite and considerable simplifications arise, leading to the
resonant part of the DDCS from the sum of all three termsexpression
for 180° is known to increase with decreasigg[44], an
effect first explained in terms of classical scattering glory 4o Imax
effects [85] and consistent with the full quant&®-matrix U—S{:J it go=—" 3 (25+1)
treatment provided by the above E@8)~9). ' dQ 2(2S + DK\ 5o's

The third term, given by Eq9), corresponds to the short- .
range potential which incl{ldgs )all atomiF(): structure contribu- X (2 +D)|Tgyi — NI, (11)
tions (resonances, correlation and exchange effects, polariza- o N
tion, etc) as well as nonresonant contributions. Interferencegvhere we have used the following identities:
between these two contributions are also evideaé dotted
line in Fig. 3. g

Finally, the second term, given by E), is due to the f
interference between the Coulomb and the short-range terms.
We note that the interferences present in the second and third
terms may add up destructively or constructively depending"
on the phase.

The first two terms contribute only to elastic scattering I 1" 0)? Sy
(i=f) and are zero for either inelastic scatter[dg,57,86 or 000 = m
superelastic scatterirj$9,6q from ions. The third term con-
tributes to both elasti¢i=f) and inelastic(i # f) scattering The total cross sectiorsy, is seen to have quite a differ-
and is the term amenable to investigation in electron-atonent energy dependence than the 180° differential cross sec-
scattering studies. Clearly, only electron scattering from iongion, demonstrating the large anisotropy involved. This is
gives rise to the first two terms, thus providing an importantshown clearly in Fig. 4, where /4, dois/dQ [the mono-
example of the application of the well-known two-amplitude pole term only, i.e.]=0 in Eq.(8) andA=0 in Eq.(9)], and
long-range-short-range scattering formalism taught in manyhe full do¢/dQ [Eq. (6)] are compared. Since the differen-
graduate text bookesee, for examplg87]) in the realm of tial cross-section expression involvesss termsbetween
atomic collisions. lower and higher partial wave symmetrie$’ [see Eq(9)],

The contributions from the three different terms of E&). it was necessary to includeore partial waves than were
are shown in Fig. 3 for the case of 180° elastic electromeeded to converge the total cross sectigh[which does
scattering from B*(1s?) ions. not involve cross terms—see Ed.1)].

152p*’S

: s(2s2p °P)°P
- L1 s(2s2p 'P)’P
-. . ““rmzpz n

do/dQ (107 cm?/sr)

P, (cos#)d cosf=26,, (12
0

(13
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4.0 MeV B* + H,

o
silecesss

SN
TP FTTTTT

&\J\ FWHM(eV)

N
YT N

d’s/dQds (10 cm?eV sr)
w

Cross section (x 107® cm/sr)

E ——0.56

L R (] 028

X 0.14

T T T T 0 AL R B B LA I R B BB R A B R
150 155 160 165 170 175 150 155 160 165 170 175
Electron energy (eV) Electron Energy (eV)
FIG. 4. (Color onling Comparison between differef-matrix FIG. 5. (Color onling Effect of finite-energy resolution on the
cross-section calculations for 180° electron scattering frominterference structures in 4.0 Me\PR1s?)+H, for the region

B3*(18?). Continuous line: full calculation aoi¢/d() [see Eq(6)]. around the $2p? D state. Continuous line: Actual experimental

Dashed-dot linedo;;/dQ but only for the monopole contribution, resolution used in this work. Discontinuous lines: Other resolutions.
i.e., just the partial wave with=0 in Eq.(8) and justA=0 in Eq.
(9). The monopole part is seen to contribute a substantial(patt  yjx [92] Q:iSdglds, whereS is the scattering matrix and
not all) of the cross section. The extra amount is due to the aniso;aR the excitation energy. The calculations do not include the
tropic, higher-order njultiseole contributions. Dashed line: short-\. 4iation damping channg®3], as it is negligible forz=5
range total cross sectiom;¢/ 4 [see Eq(11)]. compared to the Auger decay term. Fapparameters were
not fitted since they are only physically meaningful for total

3. R-matrix calculations cross sections. The total widths of the resonances could not

be extracted from the measured cross sections due to the

The theoretical elastic electron scattering cross sectio uch larger spectrometer resolution0.5 eV).

do(e, 6)/dQ), was obtained using aR-matrix method[88].
First, for the B* calculation, a basis set of physical orbitals _ ) )
nI={15,23,2p,33,3p,3d} was determined from <nl 4. Convolution with analyzer energy resolution
configuration-averaged Hartree-Fock calculatig8®. Then All R-matrix SDCS calculations were multiplied by the
all the N-electron configurationsIn’l” (n,n’=1,2,3 and H, Compton profile and convoluted with the spectrograph’s
[,I"'=0,1,2 were used to describe the 11 lowest states ofesponse function, given by a Gaussian with a FWHM of
B3*: 16?18, 1s2s13S, 1s2p 3P, 1s3s13S, 1s3p 13P, and  0.000 625< W (eV) enabling a direct comparison to the data
1s3d *D. A basis of 40 additional orthogonal orbitals was after using Eq(3). The effect of different resolutions on the
coupled to these 11 configuration-interaction target states tDDCS spectra is shown in Fig. 5. Clearly, the narrow
represent the resonance or continuum wave functions’df B minima will only be observable with comparable resolution.
To compensate for the necessary orthogonality and to include
extra correlation, all (N+1)-electron configurations _ _ )
nin’l’n”l” were also included hergFor the B and F* C. Comparison with earlier work
calculations, hydrogenic orbitalsl={1s, 2s, 2p, 3s, 3p, 3d} The calculation of RTEA cross sections within the im-
were used to describe exactly the lowest six states'dBBd  pulse approximation has undergone a few successive refine-
F8*, 40 additional orbitals were coupled to these to describenents as the field has matured. The first RTEA measurement
the resonance or continuum wave functions 8f Bnd F*,  assumed an isotropic angular distribution for the emission of
and all (N+1)-electron configurationsln’l” were also in- the electrong50]. It was later realized that the resonances
cluded] produced by RTE with angular momentuimare strongly
With this atomic structure, thB-matrix suit of codes was aligned and, therefore, the correct angular distribution must
utilized to compute scattering transition matrices (¢). A be~\YL,,\,,L:0(6?,O)|2 [23,53,94, which was soon verified ex-
short description of ouR-matrix (based on the Belfast suit perimentally[54]. Finally, it was clear from the Fano profile
of inner-region code§90] and the University College Lon- of the resonances that interference between the direct elastic
don suit of outer-region codg®91]) ESM approach has al- and the resonant scattering amplitudes had to be introduced.
ready been given for calculations of RES from th¥@s?) Such a treatment was presented by Bhgdl&5], who gave a
ground statg67]. In our calculations, partial waves up to cross-section expression that involved the coherent sum of
lmax=9 Were required to converge the expressions in(By. the direct(nonresonantand resonant amplitudes. However,
and an energy grid of 10 000 points was usedsfor for simplicity, he used only the Coulomb amplitude for the
The Auger transition energies and total widtiswere  direct term, neglecting the short-range direct amplitude. For
accurately determined by a Lorentzian fit of the formthe resonant amplitude, he used the usual Lorentzian-like
I'/[(e-eg)?+(I'/2)?] to the trace of Smith’s time delay ma- expression involving the Auger widths and resonant energies,
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FIG. 6. (Color onling Calculated SDCS for 180° electron scattering frofii Bsing the formulation of Ref(6] with Z=q=4 and the
Hartree-Fock Auger rates and widths given in Table Il. Dashed-dot line: RutherfordEerr(v)]; dotted line: resonance term; short dashed
line: interference ternfincludes contributions from bot8, andA terms in Eq.(5) of Ref. [6]]; and continuous line: sum of all three terms.
The resonance and interference terms are seen to have negligible nonresonant contributions as opposed Rentagifuttalculations
based on Eq(6).

which were obtained from Hartree-Fo¢klF) calculations course, since the short-range, nonresonant amplitaui its

[6]. The contributions from the direct Coulombic, resonant,interference with the other amplitudelsas been neglected.
and interference terms are shown in Fig. 6 for the case oAs can be seen from Fig. 3, the fuR-matrix calculation
180° electron scattering from “B(1s) using the HF rates shows a significant contribution from the short-range, non-
given in Table Il. In Fig. 7, comparison with our*Bdata  resonant amplitude, not only as an increase in the overall
and R-matrix calculations is shown which includes the con-background cross section, but also in the additional interfer-
volution with the response function of the analyzeee also ence effect. Bhalla recognized the shortcomings of this for-
Sec. IVB 4. The total SDCS in Fig. 6 is incomplete, of mulation and a bit latef64] adopted theR-matrix formula-

TABLE II. Auger transition energiesg(eV) and Auger rated\,(10'% s™1) of the F*(2121"), B3*(2121"),
and B*(1s212l") intermediate states. The initial and final states are #élB), B**(1s), and B*(1s?) ground
states, respectively. Auger rates were obtained from the total wildssumingiA,~1" since the radiative
ratesA, <A, for these transitiond.” was extracted from thB-matrix results(see text

€R Aq A

State R matrix HF Expt. R matrix HF HF
B3*(252 19 186.14 186.22 29.61 29.88 0.033
B3*(2s2p °P) 187.44 187.52 1.49 2.02 0.197
B3*(2p? D) 193.26 193.53 193.%6 24.63 28.60 0.120
B3*(2s2p 1P) 193.89 194.20 13.41 15.91 0.065
B3*(2pl9) 200.77 200.90 1.37 1.10 0.086
CH*(2p? D) 273.% 29.8 0.148
N5*(2p? 1D) 366.9 30.8° 0.267
05*(2p? D) 474.2 31.2 0.456¢
F7*(2p? D) 594.38 595.0 594.38 30.36 31.8 0.74¢
F*(2s2p 1P) 595.63 9.01
B2¥(1s25? 29 154.68 154.7+0.3 9.91
B2*[1s(2s2p 1P)2P] 161.10 161.2+0.4 0.85
B2*1s(2s2p 3P)2P] 163.95 164.1+0.3 4.79
B2*(1s2p? 2D) 166.19 166.19 6.85 8.60
B2*(1s2p? 29 171.39 1.34

@Used for experimental energy calibration.
bHartree-FocI‘(HF) calculations from Ref[116].
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6F 3 D' : i T T T T T [46,97-99. For our present setup, this broadening is found
T:.a K 3.91MeVB"+ H, to be smaller than 30 meV in the projectile rest frame when
St Ealr?iz\eﬂ:?/\r/ork » ] using a 4.0 MeV boron beam and is therefore also not a

problem. For higheZ ions, though, which require a higher
projectile energy for resonance conditions, both broadening
effects could increase, eventually becoming a serious consid-
eration. At nonzero observation angle =1°), the kine-
matic broadening is hugébout 100 times larger than at
6. =0°) [46], making high-resolution measurements practi-
cally impossible.

d’s/dQde (10 *° cm?eV sr)

o

T T T V. DATA ANALYSIS

A. Energy calibration of spectra

P Gl

The electron spectra were energy calibrated with the use
of a typical oscilloscope tube electron-gun, which was biased
at a known set of negative voltages, measured with an accu-
. H rate muItimeter(S% digit model Keithly 197, and the posi-

----------- '=, -- tions (ADC channel numbejsof the peaks were recorded.

L L L L L L L L Lt The electron gun was placed at the same location as the
182 184 186 188 190 192 194 196 198 200 202 gas-cell in order to have the same focusing conditions. The
Electron Energy (eV) relation between the laboratory electron enesgyand the
corresponding channel numbiehas proven to be a smooth

FIG. 7. (Color onling (Bottom) Comparison of the calculation quadratic function of the forna, =a+ bi+ci?, where the pa-
shown in Fig. 6 and ouR-matrix calculation for 180° electron rametersa, b, andc depend on Ithe tuning enerdy and the
scattering from B*. (Top) The DDCS spectrum is compared to the deceleration factoF [73]. The ion beam energies were ac-

two calculations which were converted to DDCS using the eIeCtrorburater determined by aligning th@21D or 1s2p? 2D lines
scattering model formulation and after further convolution with theWith the R-matrix calculations

spectrometer resolution. The overall discrepancy between the two
theoretical results is evideisee discussion in text

do/dQ (107" cm¥sr)

_ . . _ B. Determination of the absolute DDCS
tion based on the differential scattering code of R8f). The experimental DDCS for electron production in ion-

From the above discussion, it is clear that only differential lisi ; t of the d . .
cross-section measurements based on the full scattering treﬁ}lpm collisions, for most of the detection systems using ana-

ment[5] can be expected to provide a complete account oPY2€'S: is obtained from the well-known formul&00]
the interference structures. This information is partially lost

when measuring total cross sections, as in a typical dielec- (DDCS) = = ,
tronic recombination measurement in storage rii@sHow- dOQpde;, N LcnAQ Ag T
ever, most of the interference structures, especially around . .

the higherKLn resonances, are probably too sharp to bewhe_reNel is the number of ele<_:tron counts in tite channel.
amenable to direct observation by electron spectroscopy. ThEYPical values of the experimental setup parameters are
interferences among théLL resonances, though, as demon-given in Table I. A typical spectrum took between 20 and
strated by Fig. 5, are clearly within experimental limits. The®0 min collection timeAg,_ is the energy step of the spec-
presen(rest fram¢ resolution of~0.5 eV was obtained with trum per channei (Ag =b+2ci). The overall transmission

a deceleration factor d¥=4. A higher deceleration factor of of the spectrograph, neglecting the two grids, was assumed
F=8 was found to make only marginally small improve- to be 1, as it is governed by the analyzer entry aperture at the
ments to the HDA energy resolution, while cutting the size ofinterface between analyzer and lens. The aperture’s relatively
the energy window by a factor of 2. For this reason, reportedarge dimensior(d,=6 mm) compared to the dimension of
DDCS were taken only witiF=4. Improved spectrometer the focusing image at the entrance of the analyzer
performance in the future should enable higher-resolutiorliameter<3 mm according to
measurements. Other inherent parameters that can limit tr@MION electron optic§101,102 simulation3 established a
energy resolution include energy straggling of the ion beantransmission of 100% over the entire energy acceptance win-
[96] when post-stripper foils are used and kinematic line-dow and was found to be independentofup toF=8) [73].
broadening effect$46,97). All the reported DDCS for B* The PSD efficiencyr; depends mainly on the electron
beams were taken without the use of a post-stripper andetection energy for the same PSD operating voltages. In our
therefore straggling was not an issue, except fof lleams  setup, the detection energy was fixed at the value of 1000 eV
where this effect was important, as it was fof*Bn the by appropriately floating the detector, thus resulting in a con-
example shown in Fig. 14. Without post-stripping, the ulti- stant average efficiency value independenf\bilhe average
mate limit is imposed by the kinematic broadening, even aefficiency value was determined by normalizing the
the preferential 0° observation angle utilized here21.32 MeV F*+H, nonresonant(BEe) spectrum to the

d?o; Netorc

(14)
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FIG. 8. (Color onling Projectile rest frame absolute electron Atomic Number Z

DDCS for the 21.32 MeV #+H, collisions system, near the

2p? 1D resonance. Presem-matrix calculations, shown by the FIG. 9. (Color onling Resonance excitation collision strengths

solid line, are seen to be in excellent agreement with theQlge plotted as a function of atomic numb&rfor the 2p? 1D reso-

measurement. nance taken in collisions of H-like ions with ;Hargets. Open
squares: present measurements; solid squares: values extracted from

ESM-R-matrix calculations, as it is known to be valid at the older (jata of Totlet al. [58] taken_wnh a two-stage slit spec-
trometer; line: Hartree-Fock calculation. Good agreement is seen

these collision velocitie$58]. An average efficiency ofy for the common point of fluorine &=9
~0.20 was established in this way. We note that this proce- '
dure greatly reduces the overall absolute error in the DDCS ) )

since the possible individual absolute errors associated withalculations and experimental results for the cases of C, N,
the parameters,, n, AQ, andT in Eq. (14) are all absorbed O. and F[58] favored the *'D line as a benchmark for

in the determination o, thus reducing the otherwise overall instrumental tests. The obtained DDCS spectrum and corre-
error by almost a factor of 2. Thus, the overall absoluteSPOndingR-matrix results are shown in Fig. 8 in the projec-
DDCS error can be expected to be around 10-187, file rest frame. . _

which explains the very nice agreement seen between theory PresemR—matnx calculations are seen to be in excellent
and experiment throughout the spectrum. The absolut@greement with the measuremethie broad nonresonant part
DDCSs obtained were finally transformed to the projectileWas used for the efficiency determinatjoA direct compari-

rest frame according to the kinematic transformatif8¥ son between the DDCS data of R¢88] was not possible
o due to the different energy resolutions. We therefore inte-
e=[Ve, -Vt (15)  grated the areas under thp?2D peak to extract SDCS from
which RE collision strength€)ge [23,59 were computed
a0 (e) \/: d?o (s from Hartree-Fock calculated rates given+in Tabliz II. In Fig.
dode ~ Ve do, ds,’ (16) 9 we compare the extractékg from our F¥* and B on H,

measurements reported here to g values extracted
valid for observation aj =0°, which correspond to a scat- from the older datétaken with a two-stage slit spectrometer
tering angle of9=180° in the projectile rest frame. The index reported in Ref[58]. As can be seen from the figure, all
L serves to identify quantities in the laboratory frame and values lie well within the statistical uncertainties, thus estab-
=2V2 is the kinetic energy of an electron moving with the lishing the reliability of our spectrograph.

ion beam velocity,.

B. B**(1s)+H,: He-like resonances

VI. RESULTS AND DISCUSSION Collisions with B**(1s) ions were employed in the mea-
surements as the simplicity of this systéground-state hy-
drogenic ion allows for a clear test of the ESIR-matrix

In order to eliminate possible systematic uncertainties duealculation. In Fig. 10, the data and calculations are shown
to the spectrograph performance, the stropd*® RE line  for the 3.91 MeV B*+H, collision system. The He-like
formed in collisions of 21.32 MeV #+H, was measured 2Inl’ doubly excited states populated by RE and relaxing via
first. The excellent agreement between previGumatrix  Auger decay back to the’B(1s) ground state are seen to be

A. Consistency tests
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B T T T ' T T T C. B3*(1s?) +H,: Li-like resonances

: 3.91 MeVB*+ H, ] The production of He-like ion beams from tandem Van de
] Graaff accelerators usually results in a non-negligible long-

] lived 1s2s3S metastable component, along with the main
1s? 1S ground-state part of the beam. The metastable compo-
] nent may complicate the Auger spectra by opening a number
of excitation or capture channels not available for ground-
] state scattering. Moreover, the identification of the spectral
lines may become problematic, if not impossible, when ac-
] cidental overlapping manifolds from different decay chan-
nels occur[86]. Most important, the measurement of any
absolute cross section with He-like ion beams requires the
accurate determination of the metastable beam fraction. In
the literature, RES measurements were reported fo1cl-
lisions with H, and He target$56]. Theoretical predictions
of theKLL SDCS showed discrepancies-o20% with these
measurements, a value well within the30% accuracy of
the metastable fraction determined from older x-ray mea-
surement§106,107.

In the case of boron, however, we have recently shown
[69] that the production of & ions after gas stripping inside
the tandem accelerator at beam energies lower than 2 MeV

T 3 .
FIG. 10. (Color onling (Top) Data: Projectile frame DDCS results in S|gn|flcantly Io_we.r s S_metastat?lg fractlon§
electron spectra for 3.91 MeV“B+H, collisions. Solid line: ESM- compared to foil post-stripping at hlgher' C.0||ISIO.n energies

R-matrix calculationgEq. (3) and bottori are seen to be in excel- OWer than 2 MeV. A method for determining this fraction
lent agreement with the measuremegBottom) SDCS R-matrix ~ Partly based on theoretical cross sections for capture was
calculations for 180° elastic electron scattering froftf(&s) ions, ~ @ISO presented69]. A similar method, but relying only on
plotted as a functions of the incident electron energy. ThePurely experimental procedures, was also develof.
B3*(2Inl’) resonances are seen superimposed on top of the brodgoth techniques were found to give nearly identical results
nonresonant continuum. [108]. We used the second technique to determine the meta-
stable fractiorin situto befsg=3+1%,which is indeed very
small. Thus, in our reported DDCS measurements, the elec-
superimposed on the broad nonresonant contingBie  tron scattering data do not suffer from significant spectral
peak. The manifolds fon=2,3,4,5 aravell resolved. Even complications and relative uncertainties arising from the
though the instrumental energy resolution was not adequat@etastable fraction determination. _
for resolving the Auger lines within each manifold for the  InFig. 11, the data and ESR-matrix calculations for the
2Inl" (n=3) states, an excellent overall agreement is estab#-00 MeV B**+H, collision system are shown. The ob-
lished between the ESMR-matrix calculations and the ex- S:;"%g P state (ljs_prlrznarliy formed blyéigalptu;e to the
periment. Interference effects primarily between the resonarﬁ S §tate and Is therefore not included In tRematrix
and nonresonant parts are also evident in the case of tHe Iculations. It c_annot be po_pulated _by RE. from the ground
2 1~ 1 . . state, due to spin conservation considerati@®. Electron
strong 2“ “D line. The line’'s asymmetry, widely known as . -
the Fano profile [103, is very well reproduced by the capture to the g metastable_ core can allso give rise to con-
R-matri lculati ' tributions to the $2s2p 2P lines. Other inelastic contribu-
-matrix calcuiations. . tions are also observed at Auger energies of 187.5 and
The excellent agreement between the ERMhatrix cal-

! =1 e 193.5 eV. These were identified as the2@ 3P and 22p P
culations and the measurements indicates that the IA St'“\ollow ionic states, respectively, produced bs-12p exci-

seems to be valid even for velocity ratios as lowas3.53,  tation of the metastable core. All these contributions from the

thus lowering the previous limit of 4.44 which correspondedmetastable core were investigated in more detail in the en-

of interest to push this limit to even lower values oy
performing similar DDCS measurements with Be and Li ion
beams. Eventually, for values of~ 1, the IA has been ob-
served to break down, as already reported for electron DDCS The agreement between the ESMmatrix calculations
measurements of 300 keV HeH, [94] and Hé+He [78§] and the data in Fig. 11 is quite remarkable. Some substantial
collisions. For these collision systems, SDCS HF calculafano interference structures are predicted by the calculations
tions of RTEA cross sections were found to be about sixat 155 and 166 eV, but are only barely observable with the
times larger than experimef23] for reasons not yet clearly existing energy resolution. Contributions due to the small
understood104,108. It would be of interest also to compare amount of metastable core have also been noted. To test the
these results witfiR-matrix calculations at the DDCS level. validity of the ESM at other collision velocitieg,, and also

do/dQde (107 cm?/eV sr)
2Inl' Series Limit

do/dQ (10" cm?sr)

01 1 1 1 1 1 1 1
180 190 200 210 220 230 240 250 260
Electron Energy (eV)

1. Collisional energy dependence of DDCS
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S I | & FIG. 11. (Color onling Same as in Fig. 10,
qg 4 [ N N but for 4.00 MeV B*+H, collisions. Now the
' B2*(1s2Inl’) resonances produced by resonant
electron scattering are seen to be superimposed

on top of the broad nonresonant continugot-
tom). The presence of the s2s2p“*P and
2s2p 1P lines in the data is due to capture and
excitation processes with the small contaminant
(=3%) of 1s2s3S metastable ions not included
in the R-matrix calculations.
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to explore how background contributions from the meta-and positive for theD state, respectivelysee Fig. 3. This
stable core change, we performed an energy dependenesmuld make this two-line combination particularly sensitive
study. The observed resonances are expected to drop off rajo interference. OuR-matrix results were found to be fairly
idly as the Compton profile is moved across the resonancdasensitive to further inclusion of configuration interaction
(see also Fig. 16 belowElectron capture should also gradu- and pseudo-orbitalg¢optimized on the actualsPI2l’ con-

ally drop off with increasing projectile energy, while quasi- figuration and therefore we rule out an unconverged theo-
free electron impact &— 2p excitation of the metastable retical description of the scattering processes as the cause for
core should exhibit a threshold and eventually also fall offthis discrepancy. The enhancé® lines couldnot be due to
gradually with increasing collision energy. These features ar®E contributions from the small B(1s2s3S) contaminant,
well demonstrated in our 3.08—7.48 Mé¥=3.10-4.83  since these energy levels lie above th&(Bs212l’) levels
study of the energy dependence of the DDCS. Bdth and  [56]. Another process which could also contribute to transfer
KLn (n>2) spectra were recorded for a set of six ion pro-and excitation, and therefore would have the same signature
jectile energies covering the resonant excitation region. EachS RE, is nonresonant transfer and excitatiddTE)
spectrum was recorded at a certain tuning enstgyio seg-  [105,109-112 This process involves the excitation of a pro-
ment overlapping was necessgaryhe results are shown in jectile elec_tron dug to the Coulomb influence of the target
Figs. 12 and 13 for thELL andKLn cases, respectively. The nucleus, with the smultaneo@ut mdependet)tcapture of
nonresonant partBEe contributions was subtracted both a target electron to some excited projectile state under the

from the theory and from the data to faciltate a more de iy CTEEEE 1 1 BECH 2 S eretore o
tailed graphical inspection of the resonances. Y 9

. not include any of the above background processes. How-
F‘;rzthe KLL case(see Fig. 12, theory reproduces the ever, NTE contributions are significantly reduced for l@w-
1s2p” “D resonance very nicely except at the lowest collision, sets such as H[56] and are therefore expected to be
energy of 3.08 MeV, possibly signifying a departure from gma) Finally, it is improbable that these discrepancies, for
the IA at »=3.10. The heights of the twéP lines are also

S . example at 4.00 MeV, can be attributed to the breakdown of
seen to always be larger than theory for all collision energiesihe A, since we have already se@in Fig. 10) that for the

We note that the 42s2p *P)?P line may be highly affected B4++H, system at the same collision eneigamer), excel-

by the presence of the neighboring2p®°D line, which  |ent agreement between theory and experiment is demon-
shows a strong interference in the energy region between 163rated.

and 170 eV. A detailed inspection of tHematrix results ) )

shows that the interference terms between the Coulombic2- Background processes involving this2s °S metastable core

and short-range scattering amplitudé®e second term in Eq. Electron capture to the metastable core can give rise to the
(6)] for these lines are of opposite signs, negative forfhe 1s2s2p P and 1s2s2p 2P states. In fact, a ratio of 8:1:3 be-
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FIG. 12. (Color onling Energy dependence study of tk&L resonances produced in collisions of'Bons with H, gas targets. ESM—

R-matrix calculationgsolid lineg for e +B3*(1s?) scattering are seen to reproduce very well tis8pf D resonance. The nonresonant
contributions have been subtracted. The discrepancies observed arodRd¢senances arise fronp2lectron capture to the small amount

of 1s2s3S component of the beaifsee text
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FIG. 13. (Color onling Same as in Fig. 12 but for th€Ln (n>2) spectral region. The agreement between the BSNhatrix

calculations and the measurements is extremely good except at the lowest collision energy~d¥18\08Unaccounted peaks are due to
inelastic contributions primarily formed bysi-2p excitation of the $2s3S metastable component of the beam, as, for example, those

present at electron energies of 187252p 3P) and 193.52s2p 1P) eV.
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tween the capture probabilities to the respective 4 MeV B + H,
152s2p(3P)](*P), 152s2p(®P)](?P), and K[2s2p(*P)](°P) VT T T T T T
states can be mathematically deduced, as shown in the Ag 12 L . N . O ]
pendix. First, the capture of ap2electron to the §2s(39) [| =2% | o< N ]
core, once averaged over the magnetic quantum numbers ¢ 10 |- % % o Pcl f\'tg .
each, results through Clebsch-Gordon analysis in a 4/6 prob sL 0% ® T & | ]
ability for populating the $2s(3S)2p(*P) state and a 2/6 o . e % ]
probability for populating the £s(39)2p(?P) state. How- 6 W S o & 7 R .
ever, this latter state is not pure; the nearly pure states are th ~ AL 2 2 | i ]
152s2p(®P)](?P) and 19 2s2p(*P)](°P) states, since only | & ]
then=2 electrons correlate appreciably. A recoupling analy- 2 00 -

o

sis shows that this captureds(3S)2p(2P) state is made up
of 1/4 of the B 2s2p(®P)](°P) “pure” state and 3/4 of the
15/2s2p(*P)](2P) “pure” state, hence the breakdown of the

d’s/dQde (10% cm? eV sr

captured state into 8/12, 1/12, and 3/12 of the respective 14 [ T T T T T T T T T T
final states, in energy order. 12H ¢ 3%
To check the validity of the above prediction, we com- ol ° n

pared the DDCS for collisions with two He-likB*" beams [
having a very different metastable content. The results are 8 |
shown in Fig. 14. In the first case, the low metastable frac- 5
tion (fag=3%) resulted in negligibléP contributions, while
in the second cagdss=25%), the*P contribution was large. 4
2
0

Details on the metastable fraction production and determina:
tion can be found in Ref[65]. In both cases we note the
excellent agreement for thesAp? ?D state, which can be
produced only from the ground state. The enhancement o
the *P state is always accompanied with an enhancement o
both 2P peaks. Integrating the areas under fiepeaks in
both_the measured arRi-matnx-ES_M DDCS and t_hen_ sub- FIG. 14. (Color online Experimental datgopen circley and
tracting the. th‘?ory from the experiment should g“{e Just theESM—R—matrix calculationgsolid lineg for 4 MeV B3*+H, colli-
extra contributions due to capture. Indeed, the ratio betweegons in theKLL spectral region[Top] Metastable fractiorfsg

the 1s(2s2p SP)ZP and 1s(2s2p 'P)%P st-ates Was.fognd to be =25%. [Bottom] fag<<3%. The enhancement of tH&® and?P lines
2.9+0.4 after such a procedure. This result is in excellenf, the case ofss=25% is due to the capture of alectron to the
agreement with the 3:1 ratio predicted by the model for thejs2s3s jon core. For both spectra the electron analyzer was used
capture of a P electron to the 42s°S state already de- with the same identical parameters. In the top spectrum, however,
scribed. The 42s2p *P state was excluded from such an the lines are seen to be slightly broadened due to energy straggling
analysis due to complications arising from its long decayof the boron ions in the carbon post-stripper foil utilized to produce
path having to do with its metastable natfitd3]. An accu-  a high metastable content. No post-stripping was used in the bottom
rate cross-section determination of this line would requirespectrum. A spectrometer resolution of 0.59 eV and 0.35eV was
the modeling of the solid angle contributions throughout theused, for the top and bottom spectrum, respectively.

ion path from the gas-cell to the entrance of the analyze

[33,2@, including tr?e difficult calculation of the f0cusir¥g [33+(18253$) metastable core. The enhancement of these

effects of the spectrograph lens. These effects are obvious fﬁeak? Iﬁr collision tiner%ielz a;bO\t’ﬁgzgﬂgeSV iszg;egf?;he cI::_ross-
the much broader energy width of the line arising from Irggec?waniznigeorgyandr%slg Meti; foPP and?P regpecti\?(eely
different contributions along the ion’s trajectory; the lens set—[21]. Note that the 425 35— 2s2p 1P excitation is succeeded

tings are optimized for focusm_g electrons emitted fromvia spin exchange between the target and the projectile elec-
within the gas-cell volume, while the larger acceptanc rons, respectively. For collision energies below the
angles at the shorter distances will introduce much largeg 15 mev threshold foreE the process of transfer loss is
kinematic broadenings. , also possible, similar to the case af2$2p *P production in

In Fig. 13, theKLn (n>2) spectra are shown for different ¢ojiisions of Li-like projectiles28,115.
collision energies. The agreement between the calculations |n Table II, the calculated and measured Auger energy
and the data is remarkable, although, it is difficult to proceedransitions sg, and calculated Auger rated, of the
to a more detailed analysis due to the numerous states that+(2/2|"), B3*(212I") and B*(1s212l’) intermediate states
contribute to the formation of the resonances as seen in Figye given. Data for thep® D state from Refs[58,11§ are

11 (bottom) and which cannot be resolved. _ also included for the sake of completeness.
The 22p 3P and the 22p P hollow states present in the

spectra at energies 187.5 eV and 193.5 eV, respectively, are 3. Determination of IA-BEe enhancement factors
primarily formed by electron-nucleusenB [21,114 or A very useful application of the 1A is the determination of
electron-electron(eeB [21,28 1s—2p excitation of the the absolute electron detection efficiencigsThese can be
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FIG. 15. (Color onling Scaling of Coulomb DDCS: The IA-

BEe calculations for bare bordiB®*) computed from the Coulomb FIG. 16. (Color onling Boron energy level diagram: RES from

formula[Eq. (7)] (short dashed lineare multiplied by the enhance- B**(1s) leads to B*(212l") doubly excited states and fron?f1s?)

ment factorR =1.50 (dashed ling to match theR-matrix results  leads to B*(1s2Inl’) doubly excited states. The quasifree electron

(solid line) over the nonresonant part of the DDCS spectrum. “beam” spectral profiles in 3.91 MeV®B and 4.00 MeV B*
(shaded areashave a mean electron “beam” enerfgee Eq.(2)

safely determined by normalizing the data to the nonresonanffith P.=0] of ()=179.5 and 184 eV, respectively, above each of

part of the elastic scatterin@@Ee peak [40,46,56,8] Tra- the initial states with a broad FWHM of more than 100 eV, seen to

ditionally, in BEe calculations, the DDCS is obtained ©Vé"ap many resonances. The corresponding Auger electron ener-

through the Coulomb scattering formula for a bare jati- gies for transitions to the ground state are given on the right-hand

lized within the 1A, i.e., Eq.(3)], multiplied by an overall scale.

enhancement factoR to account for any ionic structure o

[84]. Given the simplicity of the calculation and the accuracydies of our measurements, no significant change was ob-

of the result, enhancement factors become important inforserved.

mation for absolute efficiency determination. In Fig. 15, an

example of anR-matrix and IA-BEe calculations corrected 4. Effect of the Compton profile

for the enhancement factor is given. The agreement in the We finall hasi . tant t of the techni
nonresonant DDCS is more than adequate for efficiency de- € finally emphasize an important aspect ot the technique
f quasifree electron scattering. The effectlw@ad energy

termination purposes. In Table Ill, we give the enhancement. ' =" : R ;
factors for the cases of®f B4, and B* as determined by distribution of the quasifree electron “beartébout 100 eV

: . ; in FWHM for an H, targe} is actuallyadvantageou$42,67.
comparing the ESMR-matrix and bare ion Coulomb calcu- ticularly in m%asugrinyg DDCS ythe who?e se%iles gf RE
lations. The enhancement factors are in general dependent gﬁl y '

: : ; ates can be brought into resonasgaultaneouslhat a col-
the ion-beam energy. However, in the small interval of ener-. " o
gy lision energy of~4 MeV [see Eq.(3)] [albeit with some

minor reduction in intensity, as dictated by the Compton pro-

Edl-ﬁalglEdzol(lé) sl'llgwEi)rilzgetheO\e/EL?;Lce?Qr?pgf:i?gr;Dcfgc;[grr 7azn ion file J(PZ)]’ thus aVOiding.the need for 'time-consuming energy
with charge state over that of a bare ion. scanning. In storage ring el_ectron-lo_n mer_gr_ad-beam_ mea-
surements, high resolution is used in defining the initial
lon R electron-beam energy. In our experiments, high resolution is
used in measuring the final scattered electrons. In both cases,
F8*(1s) 1.17 selectivity is provided either in the entrance or in the exit
B4*(1s) 1.25 channel. The situation is illustrated in Fig. 16. Increasing the
B3*(1s?) 1.50 ion-beam energy results in the “sliding” of the Compton pro-

file across the RE states in the energy-level diagfédgj.
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Thus, the RES line intensities will vary as a function of the APPENDIX: PROBABILITY OF 2 p CAPTURE
beam energy as seen in the experimental data and calcula- TO THE 1s2s2p CONFIGURATION
tions of Figs. 12 and 13 due to the changing relative prob-
ability of finding an incident electron at the resonant energy,
Furthermore, as(p,) is just an overall scaling factor within
the ESM[Eg. (3)], no deconvolution of its influence on the
DDCS is needed, as in the case of excitation or ionizatio
measurementg21].

In this appendix, we show how the capture of melec-
n to a B2s(39) ion results in an 8:1:3 ratio of probabilities
to the 2s2p(°P)](“P), 1g2s2p(®P)](*P), and
n’Ls[ZsZp(lP)](ZP) states, respectively. We first have a 1
electron, with spin and magnetic quantum nummﬁ% and
my, coupled to a 2 electron, with spin and magnetic quan-
tum number$2:% andm, to yield a coupled 42s(39) state
VII. SUMMARY AND CONCLUSION with quantum numbers;,=1 andm,,, denoted as the ket

o o vector
In this investigation, we have presented the most exten-

sive tests of ela_stic differential electron-ion s_cattering, to |12y = E Cﬁwllsrznzslr%12|31’m1>|52:m2>- (A1)
date, by measuring absolute DDCS for quasifree electron my+my=m

backscattering from ground-state He-like and H-like boro
ions over the energy range of 150-260 eV covering arI]IThe averaged, uncoupled, captured stas(S)2p can be

1s2Inl’ and 22!’ resonances up to the series limit. A high- denoted as

efficiency, zero-degree Auger projectile spectrograph, com- 1
bined with a novel technique to obtain practically pure [1525(°S)]2p(***'P)) = -
ground-state He-like boron ions, allowed for accurate DDCS V(2s12+ D(285+ 1)

measurements. A detailed presentation of the free-electron

SDCS and a comparison with earlier models clearly showed Xm§m3 S22zl me)
some of the problems associated with the older formulations

primarily affecting the angular distribution of the electrons - 1

which can be substantially modified from interference effects V(2515 + 1)(255+ 1)

and the inclusion of more than one partial watRematrix

calculations for elastic, resonant, and nonresonant 180° dif- x 2 2 C%lfzsﬁsm|s, m
ferential cross sections for scattering of electrons from boron Mi2Ms S

ions were found to be in excellent overall agreement when 1

combined with the electron scattering model and the impulse

T ) . . . T + +
approximation representing a milestone in the testing of the V(@s12+ 1)(255+1)

ESM. The ESM is important, as it provides a simple and s

general framework for linking electron scattering processes x> > > Cf%f;%;mb. m),
in the two rather distinct fields of ion-atom and ion-electron S M="S Mpptmg=m

collisions [21]. These results add to the mounting evidence (A2)

[10,4]] that quasifree electron scattering, combined with 1 - ) )
high-resolution Auger projectile spectroscopy techniquesWith S3=3 ands=2,4. Theprobability of ending up in a state
can be used to obtain unique, large-angle scattering DDCS dfith final spinsis therefore given as

electrons from HCI. Since such measurements cannot be

m=s
readily performed by conventional crossed or merged ) = 1 > > (C2ms )2
electron-ion differential scattering experiments, they pres- (2512+ D(283+ 1) pis mprmg=m 2278 "
ently provide the only viable technique for testiddferen- mes
tial electron-ion scattering calculations, particularly in the _ 1 D
sensitive large-angle scattering regime. In the future, after (2515+1)(253+ 1) mes
improving the differential pumping of our gas target, we plan
to use L and LP* beams to extend our investigations to _2s+1
even lower values ofv and also introduce many-electron 6
targets in both the ground stat&l7] and in highly excited 3 a
Rydberg states for which the validity of the ESM is not yet = 4/6 for the [1s25(°9]2p("P) state (A3)
clear. 2/6 for the [1s2s(1S)]2p(°P) state,

i.e., it breaks down according to spin statistics. The orthogo-
ACKNOWLEDGMENTS nal property of the Clebsch-Gordon coefficients is used in
the first step.

This work was supported by the Division of Chemical ~ The captured doublet stafés2s(*S)]2p(*P) is not pure,
Sciences, Geosciences and Biosciences, Office of Basic ERut can be recoupled from §(s;,s,)s;,],S}s coupling
ergy Sciences, Office of Science, U.S. Department of Energygcheme to a{s;,[(s;,S3)Sy3l}s one, wheres,;=1 for the
T.W.G. was supported in part by NASA Space Astrophysicsly 2s2p(3P)](?P) state ands,3=0 for the K 2s2p(*P)](?P)
Research and Analysis Program Grant No. NAG5-10445. state. These latter states are essentially pure due to the domi-
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nance of the correlation between the2 electrons. The ini- S S, Spp 2
tially captured[1s2s(19)]2p(2P) state can thus be written as P(S3) = (2510 + 1)(253+ 1) S S 9
Hl(s1.52)81), S3s) = 2 (= 1)*172"5%\( 25, + 1)(2855+ 1) {1/2 1/2 1|2
$3 =3(2s3+1)
1/2 1/2 sy3
S1 S Si2 3 2
x{ }|{Sl,[(52,33)823]}s>, _ ) 1/4 for the ¥[2s2p(°P)](°P) state A5
S S % " | 3/4 for the H2s2p(*P)](?P) state, (AS5)
(A4)
and the probability of populating the state with sgi is  Which doesnot follow from spin statistics. This gives a final
thus breakdown of 8:1:3 between the energy-ordered states.
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