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Experimental cross sections in the extreme ultravi@#iV) wavelength range for the excitation of helium
following electron and H, H,", and H" ion impact are presented for Hglsnp) P° states withn
=2-5. These measurements extend over large velocity ranges 3.8—-8.5 a.u. for electrons, 1.4-7.5 a.u. for
protons, and 1.4—4.0 a.u. fopHand H* ions, respectively, and represent the most complete data set obtained
so far in the EUV. Furthermore, the methods of convergent close couplinB aratrix with pseudostates have
been used here to predict excitation cross sections for thé Hmp) 1P° states following electron impact and
the atomic-orbital close-coupling expansion for proton impact. In particular, our theoretical results are pre-
sented and compared with our EUV experimental cross sections for equal projectile velocities together with
previous experimental results, including cross sections derived from scaling procedures. The electron cross
sections are found to deviate from the proton data at intermediate and lower energi@8 @.u.).
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[. INTRODUCTION large parameter space which includes projectile velocity,
size, charge states, charge sign, mass, and structural com-
Cross-section measurements of processes involving helexity.
lium by electron and ion impact are fundamental to the in- The processes investigated in this study are
vestigation of few-electron interactions in atomic and ionic

— 1 —
collision physics[1-3]. Knowledge of such collision pro- e +He—He(1snp) "P°+e @
cesses is important not only for the understanding of the >
collision dynamics but also for laboratory and astrophysical He(1s?) 1S+ h,

plasmas and helium-based radiation diagnostics such as solar
flare analysi$4—12]. Similar collision processes depend on aand

H, +He—He(lsnp P°+H," (or fragments (m=1-3) 2
N

He(1s?) 1S°+hy

(fragments are k', H*, H, H™, and projectilee”), where  elucidate the excitation mechanisms of helium following
the emitted extreme ultravioléEUV) radiation is observed electron and proton impact for a wide range of projectile
at 90° with respect to the projectile beam. velocities (1-9 a.u). In this connection, we note that the
Theoretically, the excitation of helium by charged-particle convergent close-coupling method used earlier by Fursa and
impact at high velocities (>3.8a.u.) has been well de- Bray[18] for lower excited levels (4np) P° (n=2 and 3
scribed in terms of the first Born approximation and the Be-for the electron impact has been successfully extended in this
the theory[13,14]. In the intermediate-energy range, wherework to include transitions to higher Rydberg states with
the cross sections exhibit their maximum values, all previous>3. A similar method(AOCC) has also been utilized to
theoretical calculation§15—17 are not in agreement with derive excitation cross sections for Helsnp) PO states
the measured cross sections for electron and proton impador the H +He collision systeni22]. In addition we intro-
Therefore, we have applied here three theoretical techniqueduce theoretical data for the Héls2p) P° levels follow-
namely, the methods of convergent close coupl@®C) ing electron impact obtained using tRematrix with pseu-
[18,19, R matrix with pseudostateRMPS [20,21], and dostates method for incident energies ranging from 30 up to
atomic-orbital close couplingAOCC) [22], in an attempt to 400 eV (i.e., 1.4<v<5.4a.u). The theoretical results pre-

1050-2947/2001/64)/01271210)/$20.00 64 012712-1 ©2001 The American Physical Society



H. MERABET et al. PHYSICAL REVIEW A 64 012712

sented in this paper show excellent agreement with most ahine the detection sensitivity for the wavelength region from
our EUV and other experimental data. 51 to 59 nm{He! (1snp) P°—(1s?) 'S]and to effectively

To our knowledge, the cross-section measurements preross-calibrate this region with the corresponding 22—-31 nm
sented in this paper are the most comprehensive results onge[Hell (np) ?P°—(1s) ?S]. The comparison has been
tained for electron and H ion projectiles (=1-3) under restricted to projectile energi¢s=200 ey for electrons and
identical experimental conditions in the EUV wavelength E=368keV for protons =3.8a.u.) since the Bethe for-
range. A comparison of our cross-section data for electrof?tla is not considered to be very accurate below these en-
and proton projectiles with earlier data obtained in the visible€rgies (Donaldson, Hender, and McConkgg6]). A com-

and UV spectral regions extends over the velocity rang zlite#:ascrlptltlnln ct)f the proce:[dufre is given by tBa|myalt.h "
from 1 to 9 a.u. Furthermore, molecular projectiles™ and |. The excellent agreement of our cross sections wi €

Hs") have been utilized in an effort to compile additional benchmark results of Hippler and Schartijér], Wester-

) X : o : veld, Heideman, and van E¢R8], and Donaldsomet al.[26]
information concerning the excitation process for helium as-

sociated with projectile charge state, mass, geometry, an%,,lpports the hypothesis that this method is valid.
velocity. For H," ions, where theoretical descriptions are
nonexistent, a comparison is made with a simple scaling ) )
model[23]. Moreover, cross-section ratios for, Himpact, Our previous measurements of EUV cross sections asso-

o*(H.*) (n=1-3), and scaled proton resultse* (H*) ciated with the subsequent decay to thes%)1 'S ground
n ] )

are compared in order to observe molecular contributions gtate via electric dipole transitions may be affected by differ-

the excitation of the He target by the additional projectileem sources of error. Such errors are due to nonlinear pres-
L s sure dependence, cascade repopulation of the (Henp)
electrons carried into the collision process.

In the following, we describe the experimental method 1po states, nonstatistical population of magnetic substates,
utilized for the EUV measurementSec. I). Then, in Sec. statistics of the measurement procedure, energy uncertainty

lll, we give a brief description of the three theoretical pro- of the Van de Graaff accelerator, target pressure stability and

cedures, i.e.. CCC. RMPS. and AOCC, used in this work forcharge normalization, etc. Some of these effects are dis-

the calculations of excitation cross sections. We have ”stegussed in detail below.
all our experimentalcorrected for polarization effegtand
theoretical results in Sec. V. Specifically, we provide a de- . ] .
tailed discussion and comparison of all datador+ He and Nonlinear pressure dependencies resulting from resonant
H*+He collision systems. In this section we also focus onabsorption are expc_erlenced at the target pressures used in this
the molecular-ior(H,* and H*) impact results and compare Study. Hence additional detailed measurements of line inten-
them with the corresponding proton data. sity as a function of target pressure over the range from 0.1

to 150 mtorr were performed for all 1P° states decaying to

the Hel (1s?) 'S ground state. The uncertainties associated

B. Different sources of errors

1. Pressure and cascade population effects

Il. EXPERIMENTAL SETUP with these obtained corrections are approximately 5%. More-

o ) over, corrections to the measured line intensity were made to

A. Description of the apparatus and cross-section account for cascade repopulation. Additional corrections to
determination the integrated charge were considered when using molecular

The experimental setup has been described in detail bil," and H* ions and electrons as projectiles where frag-
Bailey et al.[24,25, and therefore only a brief discussion is mentation and scattering of the projectile can effect charge
presented here. Positive-ion beaths, H,", and H*) pro- ~ normalization.
duced by the University of Nevada Reno 2 MV Van de The proton results for projectile velocities from 1.4 to 2.5
Graalff accelerator and electron beams created by an electr@nu. (energies from 50 to 150 kg\have been corrected for
gun deliver projectile beams focused into a differentiallycascade effects using the values of van den Bos and co-
pumped target cell. The EUV emission was observed at rightvorkers[15] for Hel (1snp) *P° levels,n=3-5. Correc-
angles to the projectile beam and analyzed with a 1.5-niions for the He (1s2p) 1po level were calculated by Stolte
grazing-incidence monochromator in conjunction with aand Bruch[29,3( from the same data. These cascade cor-
channeltron detector. For 1Q@m slit widths, the monochro- rections vary from 7.5% to 22%, 6% to 16%, 6% to 18%,
mator provided a spectral linewidtfull width at half maxi-  and 4% to 12% for the (®p) *P°, (1s3p) 'P°, (1s4p)
mum) of 0.1 nm at\ = 30.4 nm; corresponding to a spectral po  and (1s5p) PO levels, respectively. For the He
resolution of {/AN)~304. (1s4p) P° results at 150 keV, the cascade correction is 6%

Cross sections for the excitation of He measured in thigrom van den Boset al. [15] and 3.9% from Hippler and
work were put on an absolute scale by normalizing our meaSchartnef27]; therefore an average of these values was used
sured high-velocity cross-section data to the Bethe-Boriin this case. The He(1s5p) 1p° corrections for energies
cross-section values for electron and proton impact velocitiegreater than 150 keV were estimated from the results of Hip-
v>3.8 a.u. Indeed, the accuracy of cross sections for theler and Schartngi27] and range from 2% to 4%.
excitation of helium is typically judged in terms of their
agreement with the Bethe theory at high impact energies; it
seems reasonable that the Bethe cross-section results may beThe preferential beamlike properties of our excitation
directly used as reference values. This allowed us to detemechanism lead to polarized emission of the observed He

2. Polarization effects
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(1snp) 'P°—(1s?) 'S° transitions. This process is energy Berrington and co-workef85—37, were applied, while per-
dependenf31] and is particularly important at threshold and turbative approaches based on the Born series expansion
low impact energies for electron impact where the polarizawere used in the latt¢d6,17. For the “intermediate-energy
tion may change rapidly with enerd$1,32. regime,” i.e., projectile energies ranging from about one to

The corresponding uncertainties due to polarization givdive times the ionization threshold, however, theoretical pre-
rise to a nonisotropic population of the He(1lsnp) dictions were judged to be significantly less reliable, due to
1p°-magnetic substatesvf =0,+1). The angular distribu- coupling to high-lying discrete as well as continuum target
tion of the observed intensity in the 52-59 nm wavelengthstates.

range is given by33] Recently, however, Fursa and Brfy8] reported a com-
prehensive study oé-He scattering in the incident energy
1(6)=1o{1+A,P,(cosb)}, (3)  range from 1.5 to 500 eV. These authors extended their CCC

method to treat the helium targgit9] and obtained very
where A, is the alignment parameter of th&P° state, mpressive agreement with most of the experimental data.
P»(cosd) is the second Legendre polynomidlis the obser-  Another success worthy of notice for the He problem at low-
vation angle] is the intensity for isotropic distribution, and and intermediate-energy impact, is tRematrix with pseu-
I(6) the measured intensity. The alignment paraméteis  dostates methof20,21,38—40 which incorporates the es-
connected to the degree of linear polarizat®rfollowing  sential idea of the CCC approach and can be applied to com-

excitation of helium to (§np) P° states vig31] plex targets. In the area of atom—heavy-ion collisions, close-
coupling methods in the semiclassical impact approximation
2P have been used, expanding the time-dependent wave func-
Ar=5—5. (4) . . . . . :
P-3 tions in basis functions consisting of atomic or molecular

orbitals[22]. Such methods have been successfully utilized
Recently, we have measured this degree of linear polaro study excitation, charge transfer, and ionization cross sec-
ization P following excitation fore™ +He and H +He col-  tions for simple collision systems.
lisions[31,34]. Such measurements have shown that experi- In the present study both CCC and RMPS methods are
mental values oP following excitation of helium by proton used to predict excitation cross sections for electron impact
impact are much smaller than the ones for electron impacivhile the atomic-orbital close-coupling expansion method is
[32,34] at low impact velocities, whereas they exhibit a moreemployed to treat proton impact on He. In this section, a
pronounced decrease at intermediate- and higher-energhort description of these methods is given. Further details
ranges. The correction factors owing to polarization areabout these calculations are given elsewHdi&-22. The
found to be less than 6% for electron imp48i] and less theoretical results obtained are also discussed and compared
than 7% for proton impadt34]. with previous calculations for bots™ + He and H +He col-
lision systems at equivalent projectile velocity ranges.
3. Total experimental uncertainties

Statistics of the measured line intensities can introducé" Convergent close-coupling calculations foe™ +He collisions

additional uncertainties ranging from approximately 1% for The details of the CCC method ferHe scattering may
Hel (1s2p) P° up to 8% for Ha (1s5p) P° decays. be found in Ref.[18]. Briefly, the total wave function is
When instrumental uncertainties related to energy resolutioaxpanded using a set of two-electron states obtained by di-
of the Van de Graaff accelerator, target pressure stabilityagonalizing the target Hamiltonian in an explicitly antisym-
polarization, and charge normalization are combined, totaietric basis of Laguerre functions. Predominantly the
experimental uncertainties ranging from 8% foriH&s2p) frozen-core approximation is employed, where for all states

1P° to 18% for He (1s5p) 'P° are obtained. one of the orbitals is theslof He" with the other orbital
being a linear combination of Laguerre functions. The
IIl. THEORETICAL METHODS USED FOR EXCITATION strength of this approximation is that the excited states are
CROSS-SECTION CALCULATIONS described quite accurately and convergence studies with in-

creasing Laguerre basis sizes may be systematically per-

Over the past 20 years, several theoretical approachdermed. The disadvantage is that the ground state is not very
have been developed in an attempt to understand the collaccurate. Relaxing the frozen-core approximation leads to
sion dynamics of impact excitation of helii®5-37,16,1T.  the generation of too many states to solve the subsequent
However, none of these techniques has succeeded in careupled equations on our presently available computers.
rectly reproducing the excitation cross sections of He byHowever, we may do so if we approximate the solution of
electron or proton impact at all energies. Until recently thisthe coupled equations by tianitary or otherwisgBorn or
problem was persistent, and reliable excitation cross sectiorgistorted-wave Born approximation. Thus, we are readily
could be calculated only in the “low-energy regime” below able to test the frozen-core approximation at the higher en-
the ionization threshold or in the “high-energy regime” of ergies where the above approximations yield sufficiently ac-
incident energies several times above the ionization thresteurate results.
old for electron impact. In the former region, nonperturbative The present results are from 89-state calculations, which
close-coupling-type expansions, most notably the wellwere designed specifically for the current investigation and
known 5-state, 11-state, 19-state, and 29-state calculations héve up ton=6 physical states with orbital angular momen-
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tum | <6, in addition to negative- and positive-energy pseu- TABLE |. Experimental and theoretical cross sections for the
dostates which take into account the remaining discrete spe€xcitation of helium by electrons for He(1s2p) 'P° states as a
trum and the target continuum. These calculations yieldunction of the impact velocities. The experimental EUV cross sec-
much the same results as those published earlienfo8 tions have been corrected for cascade effects and nonstatistical
states, but are more accurate fo=4 and 5 states. The PPPulation of magnetic substates. Units are Fan.

frozen-core model was used and checked at the higher ener-
gi_es by comparison with the B(_)rn z_ipproximation with and projectiie  Projectile
without the frozen-core approximation. It was found that,energy(eV) velocity (a.u) EUV? RC?® ccc RMPY
once the Born approximation using the frozen-core modet

Experiment Theory

target structure agrees with the CCC results, the Born ap- 200 3.8 9269 83.1+7.5 89.7 8544
proximation with substantially improved target states re- 276 4.5 74.%#56 72565 80.2 72.85
duces these by approximate|y 10%. 340 5.0 63.1-4.7 64.8c5.8 72.2 64.54

412 55 57.64.3 59.4:5.3 64.8

B. R-matrix calculations for e”+He collisions 500 6.1 51439 56.7-5.1 554

. . 575 6.5 45934 51.8:4.7 52.8

The RMPS calculation performed for the present study is
. . 667 7.0 46.223.5 45.6:4.1 47.2
an extension of the work described by Bartscegal. [38]
and by Hudsoret al. [21] to higher energies. This extension 735 3 30630 422238 444
: : 836 7.8 34426 37.2:3.3 39.8

was achieved by increasing the number of continuum orbit-
a.lS, which are used to expand the wave function of the ConaExtreme ultraviolet measurements, this work.

tinuum electron inside thR-matrix box of 27, from 30 t0 50.  bRecommended cross sections from de Hédi.

It thus allowed for the calculation of converged results foreconvergent close-coupling calculations, this work.

the (1s?) 'S°—(1s2p) 'P° transition up to incident ener- 9r matrix with pseudostates calculations, this work.

gies of 400 eV. As in the CCC model described above, the

physical stateswe only used the five lowest states of he- be found in the review by Fritsch and L[22]. In this cal-
lium) were supplemented by a number of pseudosi@@sn  culation basis states consist of singly excited states up to
this casg to represent the channel coupling to the higher-=3 and some pseudostates for each total angular momentum
lying discrete states as well as the continuum states of the,

target. Note that the RMPS model yielded an excellent de-

scription of the targetrelative to most other collision calcu- IV. RESULTS AND DISCUSSION

lations for both the relevant energy levels and the oscillator

strengthgsee Ref[38] for detaily. Hence, the RMPS results Our EUV cross-section results for electron and proton im-
are expected to be reliable over the entire energy region fapact are summarized and listed in Tables 1-IV, where the
which they were calculated, with the exception of resonancegstimated errors are also given. Precisely, in Tahf€able

in the narrow window of incident energies between thell) and Table Ili(Table 1V) we exhibit our EUV results for
physical states witm>2 and the ionization threshold. In Hel (1s2p) *P[Hel (1s3p) 'P°] and compare them with
particular, we note that the RMPS results would be expecte@irevious experimental and scaled déa-11] for electron

to converge toward first-Born predictions obtained with an . . )

equally sophisticated target description, as soon as channel- TABLE II. Experimental and theoretical cross sections for the

' rg) ti A . S S
coupling effects have dimished sufficiently to warrant such Xc'tt"_"t'onfcﬁlhgl'um ?y ﬁleg:!ronsTfrclnr He(1s3p) tPI E‘ﬁ‘?/tes asa
perturbatlve treatment. unction o € Impact velocitues. € experimenta Cross sec-

tions have been corrected for cascade effects and nonstatistical
population of magnetic substates. Units are #0cn?.

C. Atomic-orbital close-coupling calculations
for H*+He collisions

o o Experiment Theory
For H"+He collisions the excitation cross sections are Projectile Pro.]ecme

. : .~ energyeV) velocity (a.u) EUV? RCS ccc
calculated using the standard close-coupling expansion
method. By treating the Schiimger equation for the two 200 3.8 23.941.8 20819 221
electrons in the Coulomb fields of the two moving nuclei, 276 45 18.51.4 18.2:1.6 19.6
one expands the time-dependent wave function in terms of 340 5.0 15512 16.4-15 17.8
the eigenstates of He. In the energy region under study 412 55 14911 14.9-1.3 16.1
charge-transfer processes are not important so that the basis ggg 6.1 13.91.0 12912 137
functions included are all centered around the target atom. In g5 65 11509 11811 129
other words, only the helium eigenstates are used in the ex- g7 7.0 117209 104-09 117
pansion. Following the standard procedure the resulting ex- ;a5 73 11608 100-09 110
pansion coefficients satisfy a system of linear first-order dif- 36 78 8406 91-08 98

ferential equations for each collision impact parameter. The
total excitation cross section to each magnetic substate PExtreme ultraviolet measurements, this work.
calculated by integrating the excitation probabift¢b) over = PRecommended cross sections from de Hadi.
the impact-parameter plane. Details of such calculations cafConvergent close-coupling calculations, this work.
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TABLE Ill. Comparison of experimental and theoretical cross  TABLE IV. Comparison of experimental and theoretical cross
sections for the excitation of helium by protons for HgLs2p) sections for the excitation of helium by protons for HgLs3p)
1pe states as a function of the projectile velocity. Our experimental'P° states as a function of the projectile velocity. Our experimental
EUV cross sections have been corrected for cascade effects. UniEUJV cross sections have been corrected for cascade effects. Units

are 10 *° cn?. are 10 *° cn?.
o o Experiment Theory o o Experiment Theory
Projectile Projectile Projectile Projectile
energy(eV) velocity (a.u) EUV? RCS AOCC® energyeV) velocity (a.u) EUV? RCS AOCC®
50 1.4 85.&87.7 79.3:15.8 92.84 50 14 18517 19.4:3.8 23.44
100 2.0 181.616.3 127.325.4' 155.85 100 2.0 40.33.6 31.16.¢ 43.02
156 25 122.511.0 128.1-19.F7 143,57 156 25 29.862.7 31.9-4.8 3842
200 2.8 121.+10.9 130.08 200 2.8 29.92.7 33.49
225 3.0 112.810.2 115.510.# 123.14 225 3.0 27.62.4 28726 30.75
307 3.5 92.78.3 1019.1° 106.97 307 3.5 23.%+2.1 253-2.F 26.59
368 3.8 87.%7.9 91.6-8.* 97.31 368 3.8 24.%+2.2 23.3:21° 24.07
400 4.0 80.47.2 86.4-7.8 93.31 400 4.0 21.619 220:-2.6 24.34
500 4.5 78.87.1° 8250 500 4.5 19.721.8 20091
626 5.0 67.6:6.1 67.6-6.1° 70.21 626 5.0 15714 17516 17.29
700 5.3 64.75.8 65.20 700 5.3 16.515 16.24
800 5.7 56.85.1° 60.39 800 5.7 15.61.4 14.74
916 6.0 45.64.1 53.5-4.8 56.67 916 6.0 12311 13.91.F 1321
1000 6.3 50.54.5 50.13 1000 6.3 1291.% 12.63
1400 7.5 38.63.4 36.55 1400 7.5 10.40.9 9.55
8Extreme ultraviolet measurements, this work. dExtreme ultraviolet measurements, this work.
PRecommended cross sections from de Heteal. [7]. bRecommended cross sections from de Heteal. [7].
CAtomic orbital close-coupling calculations, this work. “Atomic orbital close-coupling calculations, this work.
dvalues taken from the optical experiment of van den Bbsl. dvalues taken from the optical experiment of van den Bosl.
[15]. [15].
®Values taken from the optical experiment of Hippler and SchartnefValues taken from the optical experiment of Hippler and Schartner
[27]. [27].

and proton impact, respectively. We have also plotted th
corresponding cross sections for theiHésnp) 1P° levels,
n=2-5, in Figs. 1 and 2 for electron and proton impact
respectively. An overview of the cross sections for IHe
(1snp) 'P° states for electron and proton impact is pre-
sented in Fig. 3 as a function of projectile velocity in atomic
units, where we have included previously obtained results b
other workerd15,26—-28,41,4R

To date, several experiments and theofigse Sec. I
have been devoted to the study of excitation processes

Shown in Tables | and Il and plotted in Fig. 1. The 89-state
CCC calculations shown in this figure have been done spe-
cifically for Hel (1snp) P° states withn=2-4 while the
corresponding He(1s5p) P° cross sections are estimated
using the 14® scaling law. Figure 1 includes the optical ex-
perimental data of Westervekt al. [28] and of Donaldson

%t al. [26], as well as the recommended experimental data by
de Heer and co-workefd,11]. Also given are our results for
the improved Born approximation calculated using the same
. o . o %fomputer code as for the CCC predictions, but with a much
helium by positively and negatively charged projectiles.iy, oo target structure. As can be seen from this figure,

Hence’ it is of great mtergst to make a comprehenswe COMhe cCC results agree well with the EUV cross sections mea-
parison of our EU\{experlmentaI and theqrgucal resylts Wlthsured in this work, as well as with the other recommended
previous data foe™ +He and H +He collisions. This as- o, perimental data, over the entire range of incident energies
pect is the main focus in the following sections. plotted. Despite this favorable assessment, however, we no-
tice that overall the CCC method systematically overesti-
mates the cross sections by about 10%. As pointed out in
In the intermediate-velocity range, excitation of He by Sec. Il A, this is due to the frozen-core target description
proton and electron impact is a complex many-body problenused in the CCC model, which is somewhat problematic for
requiring sophisticated theoretical approaches beyond thidae ground state. As expected, our improved Born approxi-
first Born approximation. To elucidate the collision dynam-mation does not agree properly with experiment in the low-
ics in the intermediate-velocity range we analyze the excitaand intermediate-energy regime, but is in excellent agree-
tion cross-section dependence on different projectile velociment with our measurements for velocities of approximately
ties. First we consider the” +He case. 5 a.u.(340 eV) and above. This finding, together with the
The EUV experimental and CCC and RMPS theoreticalgood agreement between the RMPS res(gée Table | and
excitation cross sections for electron impact on helium ardrig. 1) for Hel (1s2p) *P° and experiment at all energies

A. e +He and HT+He collisions
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140L He (1s2p) 'P° J3gl He (1s3p) 'P° | Hel (1s2p) 'P* sl Hel (1s3p) 'P°
Py e-+He I e-+He 200 P H+He ] a \ H'+He
120 | % 130} 1 ‘ k \
Lo Y 160 - 1 “er i +
100} 125F ¢ A
A’ i‘-‘ | | 30t v v 4
80+ {201 {7 Y 1 20 R ‘
. 4 i w ¥
__ 60t ¥y 11sp i] Faoy 1 o | ot ¥ 1
E 4 il 4 LN O
mo | 4&‘ ﬁ— A 24 ‘o 4OF 4 10}
'© 20t § 5 § _ %
Z i c . " \
c | ! L L t L L L ) L 1 L L L i 1 *3 1 2 3
8 ' : ;
% 123 4586 7 8 123 45678 3 2 Hel (1s5p) 'P°
B4l He(sap)'PT L 7H o He(issp 'Rt 8 ] H'+He
& e-+He e-+He
o 12r i L% 46 5 ] 14 °l
o P I
1ol |,/ I A . of
A,:' 3 iaf e 10
8l 4 t 14t 4 +ﬁ
6F id g 3+ 4 20 i 6
4+ .": $$£\$¥A~ 4 2r .‘i +$§;\+\A~ J i
4 Al L4 it T v,
2t é 1 1k é g 1 2 3 1 2 3
L o Velocity (a.u.) Velocity (a.u.)
123456738 123456738 . . o
Velocity (a.u.) Velocity (a.u.) FIG. 2. Theoretical cross sections for the excitation oérff)

1po states in He following proton impact compared with experi-

FIG. 1. Experimental cross sectiofsorrected for polarization me_ntal (corrected for pplarization effegt@and scaled results. Ex-
effects for Hei (1snp) P° states due to electron impact compared Periment: @, EUV, this work; V, de Heeret al. [7]. Theory:

to recent theoretical results. Experimeat: this work; A, de Heer, - first Born[13]; , atomic-orbitals close-coupling calcu-
Hoekstra, and Summer®]. Theory: — — —, convergent close- lation, this work;- - - -, two-electron close-coupling calculation
coupling calculation, this work—, R matrix with pseudostates [16]; —-———, one-electron close-coupling calculatifiti].
calculations, this work: - - -, improved first Born approximation,

this work. projectile velocity toward the asymptotic high-energy limit.

In the velocity region above 3 a.u., our EUV measurements
and the apparent convergence of RMPS and improved firsthow excellent agreement with those of Hippler and Schart-
Born theory in the 3.8-5.5 a.u. velocity range, demonstrateser[7,27] (see Tables Ill and [y, confirming the validity of
that a sophisticated target description is more important thanur normalization procedure. We have also indicated in Fig.
channel coupling in the high-energy regime. 2 the predictions of our AOCC approach, together with other

Now let us consider the F+-He collisions. In Fig. 2 we theoretical results. It is evident that all these calculations
exhibit our experimental data, the scaled data recommendembincide with our experimental data in the higher-velocity
by de Heer and co-workefd], and the most prominent the- range ¢>2.5a.u.), where the AOCC cross sections go
oretical results for He (1snp) 'P°—(1s?) 'S (n=2-5) nicely toward first Born results at higher energies. However
[9-11,16,17 for proton impact versus projectile velocity. we have observed slight deviations from the experimental
The scaled data for proton impact consist of the earlier visEUV findings. Nonetheless, the agreement of the AOCC,
ible measurements of van den Bessal. [15], renormalized calculations with our EUV cross sections is reasonably good
to agree with the UV measurements of Hippler and Schartnewithin the error bars. The AOCC calculations were per-
[27] for Hel (1s3p) P° and He (1s4p) 'P°. Such renor- formed for the He (1s2p) 'P° and He (1s3p) P° states
malization procedures have been performed in an attempt texplicitly; the data for the He(1s4p) P° and He (1s5p)
compile reference cross-section data in the low- to!P° states from the AOCC calculations are estimated using
intermediate-velocity range for fusion plasma diagnosticghe 1h® rule from the former states.

[7-11,17. In the case of He(1s2p) *P°, where no optical In this figure, results from earlier calculations and experi-
measurements are possible, the scaled results were obtaineents have been shown as well. The two-electron close-
by scaling of He (1s3p) 1P° optical datg15] by the high-  coupling calculations by Slinet al. [16] show good agree-
velocity asymptotic ratio of the Hg(1s2p) 1P° and (1s3p) ment with the scaled results of de Hé&d] for excitation to

1p° cross sections as predicted by the Bethe-Born approxithe Hel (1s2p) P° level. In contrast, the one-electron
mation[42]. close-coupling calculations of Fritsdii7] deviate signifi-

In Fig. 2, we note that the general trend for all measuredcantly abovev=1.4a.u. from the scaled data, while they
cross sections shows a moderately steep increase in crossow marginal agreement with the renormalized visible re-
section for small impact velocities, reaching a maximumsults of van den Bost al. for the Hel (1s3p) 'P° and He
around 2 a.u., followed by a gradual decrease with increasinls4p) P° levels at lower impact velocities. Both Slim
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IR B B B B L L e to resolve these discrepancies.
Hel (1snp) - “ 32) s Let us analyze thg projectile de_pendence_ of_ thel He
(1snp) !P° cross sections as a function of projectile veloc-
DEZ&AO 0o ee- ity. In Fig. 3 we'show a comparisoq of all 'Fhe previously
100 o ﬁo A AH presented experimental data associated with electron and
[ proton impact. As can be seen in this figure, the proton-
: induced cross sections are significantly larger with a maxi-
r A . mum slightly shifted to lower velocities when compared to
+ 1 the corresponding electron data.
L 4 Aiao*’ . From Fig. 3 it can be seen that in the high-energy limit the
e~ and H' projectile experimental results tend toward the
+ £ 1 first Born limit as expected. However, significant differences
+ between electron and proton impact occur at velocities below
&A%A# 3 a.u. for the (3np) 'P° (n=2-5) states, well outside the
range of the error bars. In particular, it is observed that the
cross sections for the excitation of helium by proton impact
s + are larger than those obtained for electron impact. Addition-
- 1 ally, the peak in the cross section for electron excitation is
N + + i slightly displaced toward higher velocities compared to the
proton results. In the lower-velocity region, electron-impact
excitation results in a significant loss of the electron’s inci-
dent energy. For proton impact such a loss is negligible. This
v(au.) may explain why electron-impact excitation cross sections
are smaller than proton-impact excitation cross sections. It is
8mportant to note that these observed differences between
electron and proton projectiles are probably not associated
with a charge-state dependence of the excitation cross sec-
e”, Westerveldet al. [28]. (1s4p) 1P°: Same as above excefit Fons. Such a chqrge-state dependence_ COU'P' only be estab-
e~, Donaldsonet al. [26]; solid lines H", Bethe approximation ished on comparing electrons with positron impact or pro-
[13] and Kim and Inokut{42]. tons with antiproton impact.

Cross Section (10" cm?)
=3
L |

+»
>
A |

FIG. 3. A comparison of proton- and electron-impact data as
function of projectile velocity. (2p) 1P° and (1s3p) P°: @ H*
and A e~ (corrected for polarization effegtsthis work; 0 H*,
Park and Schowengerf#1]; O H*, Hippler and Schartnd27]; A

B. Experimental cross-section results for molecular-hydrogen

et al. and Fritsch appear to reproduce portions of oscillatory projectiles: H,* and Hg*

features in the lower-velocity experimental data; however, in
the case of He(1s2p) 'P°, they disagree strongly in terms In this section we present our comprehensive EUV cross
of the phase and amplitude of the assumed oscillation. Theections for the excitation of helium following Hion im-
differences between Slinet al, Fritsch, and the present pact for He (1snp) 1pe n=1-3, for projectile energies
AOCC calculations lie essentially in the basis functions usedranging from 50 to 400 keV/u, which correspond to veloci-
Fritsch used the one-electron approximation, which may noties ranging from 1.4 to 4.0 a.u. A typical example of these
be adequate for the low-energy region, but has the possibilitgxperimental results for the He(1s3p) 'P° decays is

of adding many more basis functions in the calculations. Irshown in Fig. 4. For comparison, we have included optical
the calculations of Slinet al, the basis sets on the projectile measurements in the visible range from van den Boal.

and the target are used and both electrons are included in th&5] and from Hasselkamgt al. [23,43, which cover a
calculation. Our AOCC calculation is similar to that of Slim slightly larger velocity range. Good agreement with these
et al. except in the different choice of basis functions. Weresults is observed far=2.5a.u.. The cross sections for all
have included only basis functions on the target since we ardlel (1snp !P°—(1s?) S transitions measured in this
more concerned with the higher-energy region. The lack ofvork are listed in Tables V for §t and VI for H;* projec-
projectile basis functions in the expansion may account fotiles.

the discrepancy of the present results with the other AOCC The observed difference at low velocities between the
calculations at low energies. As explained earlier, the calcueross sections for §1 and H* from this study and those
lation of Fritsch was carried out with a one-electron modelfrom the other authors may be due to the pressure-dependent
so that a larger basis set can be used in the close-couplirdissociation characteristics of these molecular species. Dis-
calculation. Slim et al. were more concerned with the sociation characteristics as a function of projectile energy
electron-transfer channels and, since excitation is a wealind target pressure have been measured by Alveret
process at low energies, the limited excitation channels usgd4] and by Williams and Dunbd#5]. These studies reveal

in their basis functions may give inadequate excitation crosthat small fractions of neutral hydrogen and kbns are
sections. As seen from Fig. 2 the disparities between theroduced in the dissociation of both;Hand H," ions in
experiments and among the theories in the low-energy regioaddition to neutral lland H,* from the dissociation of k.

are still quite large. More elaborate calculations are neede@he maximum production of such charge-screened species
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HeI(1s3p)'P°—> (153 'S ' | | ' I |
60| P Hel (1s2p) 'P°_. (1% 'S
1000 | 1
%= 50 Ve vAY He Ng ho
5 M ore H: E P .
5 Foe z ° & T °
T 4o} £ * s
g 8 ......... R ....... a
= 72}
9 » 100 1
Q 7]
o e +
g 30 o o o o(H, )+ )
5 2cr(Hi )-o(H)
36(H)
20 - 1 t I 1 1 1
10 15 20 25 30 35 40
v ’ Velocity (a.u)
1 2 3 4 5 , N . ,
viau) FIG. 5. Cross-section results far* (H;") O, in comparison

with results of the “test equation,’A from the scaling model of
FIG. 4. A comparison of cross-section data for the excitation ofHasselkampet al. [23], and scaled cross sectiongr3(H") ©.
the Hel (1s3p) 'P° state by H, H,", and H" impact.®, ¢,  Curves are provided to guide the eye.
V=H", H,*, Hsy", respectively, this work+, (0, A=H*, H,",
Hs*, van den Bos[15]; O=H", Hippler and Schartnef27];
¢,V =H,", Hi*, Hasselkampet al.[23]. Curves are provided to
guide the eyes.

o* (H3")=~20*(H,") —o* (H"). (6)

As an example we have plotted in Fig. 5 the cross sections
for excitation of the ($2p) 1P° state of helium by H', the
occurs approximately at a target pressure of 10 mtorr and therediction of Eq.(5) referred to as the “test” equatiof#3],
lowest projectile energy presented in this study, the fractiorand proportionally scaled cross sections frorh ifpact. A
moderately increasing below 50 keV and gradually decreassample of typical error bars has been included in this figure.
ing for higher energies. While the charge fractions producedror v=2 a.u., we observe good agreement between the ex-
are small, predissociation of the projectile prior to encoun-perimental data foro*(H;") and the “test” equation
tering the emission region may explain the observed differ2¢* (H,")—o*(H"), while the proportionally scaled cross
ences at low collision energies. sections, namely, & (H"), are considerably larger than ei-

In addition, we have examined our EUV cross sections foither of these quantities. In fact, interpreting excitation of He
H, " ion impact with helium by comparing them first to the as a more distant collision phenomenon, screening by the
semiempirical scaling model of Hasselkarf48]. At high projectile electrons is present, and an underproportionality is
H,* impact velocitiess=2 a.u., we have observed that for expected and in fact observed. At a projectile velocity of
the cross section for excitatio@*) by H*, H,", and H* aboutv.=1.3 a.u. 'for H" the effective prqjec;tile electron
ions the cross-section difference fatH;*) ando(H,") is ~ €nergy is approximately equal to the excitation energies of

a(HY), ie., the energy defect for this projectile. However, for more dis-

tant collisions, the projectile electrons are not expected to
contribute individually to the excitation process, and no con-
tribution to the o* (H;") cross sections is apparent above
this velocity, i.e.,o* (H3") cross sections are consistently

smaller than &*(H") results. To investigate electron-
TABLE V. Experimental EUV cross sections for the excitation

of helium by H* impact, Ha (1snp) P°—(1s?) 1s°, as a func-
tion of projectile velocity. Units are 10°cn?.

o*(Hz")—o* (Hy")~a* (Hy")—o* (H"). ©)

This expression can be rearranged to read
TABLE VI. Experimental EUV cross sections for the excitation

of helium by H* impact, Ha (1snp) P°—(1s?) 'S° as a func-
tion of projectile velocity. Units are 10°cn?.

Energy Velocity

(keV) (au) (1s2p)'P (1s3p)P (1s4p)P (1s5p)lP Energy Velocity

1 1 1 1
100 14 13812 295:27 11114 708127 o) (@w (1s2p) P (1s3p)’P (1s4p)'P (1s5p) P
200 20 22620 47.0:42 19525 10.1-1.8 150 1.4  60.855 14.3-1.3 546-.71 3.02-.54
312 25 22620 51.8-47 232-30 11.8-2.1 300 20 21720 53.3-48 19.4-25 11.3-2.0
450 30 13312 32.9:3.0 117.715 6.63-1.19 468 25 17816 45141 17.1-22 10.6:1.9
612 35 10310 25.4r2.3 10.5-1.4 4.94-.90 674 30  15@14 39.1x35 13.3-1.7 7.48:1.35
800 40 1029 24122 105-14 6.251.13 918 35 13312 34331 14.9-19 817147
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screening effects we have also analyzed the ratiosange of projectile velocities. These results nicely reproduce
o*(H3")/3c* (H") and o* (H,")/20* (H*) for the transi- our EUV data at the intermediate energies and are in excel-
tions Hel (1snp) P°—(1s%) 1S, n=2-5. lent agreement with previous electron measurements corre-
In general our results indicate that the scaling model ofponding to the low-energy range. In contrast, although
Hasselkampet al. is applicable for the corresponding projec- AOCC results agree well with the experimental data at inter-
tile velocities in this study. However, by examining the ratiosmediate proton-impact energies, disparities between experi-
of o*(H,") to ne*(H"), the limitations associated with mental cross sections and these theoretical predictions in the
treating H,” as a mixture of independent particle beams islow-energy region are still quite large, demanding more
clearly revealed. Since a more refined theoretical descriptioflaborate calculations in order to resolve these differences.
of such complex multicenter collision processes does not For molecular projectiles, we have found good agreement
currently exist, litttle can be said about contributions to thebetween the experimental data and the “test” equation of the

total scattering amplitude due to multicenter scattering an@caling model. However, our measured cross-section ratios
interference effects. clearly reveal the contribution of dynamical effects, includ-

ing screening, by the molecular electrons, since a propor-
V. CONCLUSION tional scaling of 1:1 fong* (H*) ando*(H,"), n=2 and
3, is never attained. Finally, the present study may provide a
Comprehensive cross-section measurements involving exomprehensive database for the test of theoretical atomic and
citation of Hel (1snp) 'P° (n=2-5) states have been per- molecular collision models.
formed using electron, proton,,H, and H* projectiles over
a large velocity range under the same experimental condi-
tions. In the high-energy limit our cross sections for electron
and proton impact merge together as expected. However, the We would like to thank Dr. Silvano Fineschi from the
maximum of the cross sections for electron excitation of heHarvard-Smithsonian Center for Astrophysics for many in-
lium is shifted to a slightly higher energy with respect to theteresting discussions and fruitful suggestions. We would like
maximum for the proton case. This may be due to a masalso to express our gratitude to Dr. W. Fritsch from the
effect, which leads to different threshold velocities for elec-Hahn-Meitner-Institut, Berlin, for his valuable suggestion to
trons and protons. use the AOCC method for proton impact. This work was
Furthermore, advanced convergent close-couplingsupported, in part, by the National Science Foundation
R-matrix, and atomic-orbital close-coupling methods have(K.B.), the Nevada Business and Science Foundation, and
been used to calculate excitation cross sections at a widBCSPECT Corporation, Reno, Nevada.
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