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Supplementary absolute differential cross sections for the excitation of atomic hydrogenis=3
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We have conducted measurements of absolute differential cross sections for the excitation of hydrogen
atoms to theim=3(3S+3P+3D) and 44S+4P+4D+4F) levels. A modulated, crossed-beam method was
employed, and the impact energies were 40 and 60 eV. Comparison of our results with those of others is quite
favorable.
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[. INTRODUCTION the past decade substantial improvements to these methods
have been made, as a result many atomic physicists believe
For more than a century now studies of the hydrogerthat calculations on the unbound quantum three-body prob-
atom and simple related systems have been essential in a@m can now be done to quite high levels of accuracy. Two
vancing our understanding of the small-scale nature of matparticularly promising techniques developed during this time
ter. The earliest of these studies culminated with Balmer'svere Bray and Stelbovics’ convergent close-coupliGgC)
discovery of a simple empirical formula to characterize H'smethod and Rescigno and colleagues’ exterior complex
visible line spectruni1]. Accurate description of this spec- scaling techniqug14,15.
trum’s wavelengths in a way naturally incorporating Ruther- ~ Just like Fhe theoretical treatments, electron—hydrogen col-
ford’s nuclear model of the atom was the main motivationliSion experiments have been slow to progress. This was due
for the success of Bohr’s “old quantum theofi2,3]. Proper ~ Primarily to the difficulty in producing high-intensity, high-
prediction of the same spectrum and its associated transitidpHrity atomic hydrogen beams. But with the recent introduc-
intensities from first principles led to the widespread acceplion of unusually inert materials into the construction of
tance of Schrédinger’s formulation of quantum mechanics agtomic-beam sources, this difficulty has been largely over-
a replacement for the old quantum the4y. come [18]. During t_h_e past few decades_ there_ have been
Helium—the next simplest atom—soon thereafter becamée_v_eral elastic collision measurements, mcludmg those of
the focus of quite a lot of attention with Hylleraas’s researchWilliams and of Shyn and colleagu¢$9-23. Differences
on its bound statefs]. But it was not until the late 1950s that @mong the backscattering rates of these two different mea-
Pekeris finally developed approximation methods sophistiSurements have led to some amount of controversy.
cated enough to treat this system accurai@]yExtension of Excitation measurements have also be'en.performed' in the
these basic approaches to increasingly more complicaté@St few decades. For the caserof2 excitation these in-
bound-state problems gradually resulted in the emergence §fude Williams’ treatment, Williams and Willis's experi-
guantum chemistry as a mature, quantitative scientific disciments, the measurements of Khakoo and colleagues, the
pline. treatment of Doering and Vaughn, and our experiments
Letting one of helium’s electrons become unbound gived23-28. Agreement between the results of Khakoo and col-
the next simplest atomic problem—the electron-hydrogerf€@gues and ours is excellent, even high into the backscatter-
collision system. Since this system is the archetype of all red'd région. This is an especially promising development as
atomic and molecular collision problems, a proper underih€ two groups used entirely different means of normaliza-
standing of it underpins the correct characterization of alfion. The agreement of these two sets of experimental results
more complicated collision processes. Such processes aféth the CCC method predictions of Bray was also quite
crucial in engineering and applied science since they unde@00d. Unfortunately, the results of Williams and Willis did
lie all gaseous-discharge and plasma phenomena. But su@ot agree well with the others in the backscattering region.
cessful treatments of these collision problems have taken a The nextstep is to treat the excitation of higher levels. We
lot longer to develop than their bound-state counterpartsi€cently reported measurementsrot3 and 4 level excita-
This is largely due to the difficulty in mathematically formu- tion at low energieg29]. Agreement of our results with the
lating and solving scattering problems. Such difficulty is par-féw available theoretical predictions was good. Since then
ticularly acute for the case of ionization during the scatteringV® have made additional measurements of the excitation of
process, where the asymptotic forms of the wave functiond1€se levels at higher energies. Due to the small signal
can be especially cumbersome to harid]. The plethora  Strengths and long integration times involved, these are the
of approaches invoked over the years has been discussed
extensively at many levels of sophistication in all parts of the Clarification of the correctness of the approximations employed
physics literaturésee, e.g., Ref$9—13)). The older approxi- in the CCC approach has recently led to some controversy in the
mation methods produced results of limited accuracy. But irphysics literaturg16,17.
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last measurements of these processes possible with our ap- TABLE Il. Absolute differential cross sections for excitation of
paratus. In this article we report the results. Agreement witratomic hydrogen'sn=3 level by electron impact. Units are
the only available theoretical results is good. Unfortunately10™® cm?/sr.

no other experimental results are available for comparison.

0 (deg
Il. EXPERIMENT Ev) 12 24 36 48 60 72 84 96 108

Over the past three decades our apparatus and experimen40  18.1 4.1 0.69 0.30 0.22 0.15 0.2 0.10 0.10
tal procedures have been discussed extensively in the physicss0  20.6 2.7 0.47 0.15 0.13 0.077 0.055
literature (see, e.g., Refs[30-34). We therefore provide
only a brief treatment here. The entire collision spectrometer
is housed in a differentially pumped, dual-chamber vacuunmatomic and molecular components. The method of handling
system that is evacuated by turbomolecular pumps backed hyis is treated in detail elsewhej@5,36. The upshot of this
two-stage rotary-vane pumps. Three mutually perpendiculatreatment is that the absolute excitation differential cross sec-
sets of Helmholtz coils surround the entire system and attion (DCS) doy, 1-3 4/dQ) is given as

tenuate unwanted magnetic fields to less than 20 mG in any

direction in the electron-atom interaction region. doyn=34_  SHn=34 d(TH,e|as+ 1-D )\ Ao, elas
Molecular hydrogen is piped into the upper chamber via dQ  Siimend dOQ V2D do |’

Teflon and stainless steel tubing. It is dissociated into a z

mixed H and H beam by a microwave discharge source, and (1)

then enters the interaction region located in the lower Chamr-lere& o34 8N0S, 4. esare then=3 or 4 excitation and

. W=y 21
ber after passing thrqugh a beam chopper and a Te,ﬂofhe elastic signal strengths, respectively. The dissociation
double skimmer. The dissociation fraction in the interactions o tion D is related to the signal strengths for the
region was consistently 55+3% as measured by a quad“l‘ﬁicrowave—discharge source “

on” and “off” as
pole mass spectrometer.

A gun based on a tungsten filament produces the electrons E{;
used for the measurements. They are filtered by a 127° cy- D=1 —Jﬁ, 2
lindrical energy selector which has electron lenses at both its Ho

entrance and exit pupils. They are next accelerated to the off

: L : _ hereJ! andJp are the neutral beam intensities with the
required energy, which is calibrated using the 19.34 eV resoﬁwicrowazve-discf]arge source on and off, respectively
nance of helium. The beam thus produced has an energy ’ :

spread of 180 meV full width at half maximum, an angular Th,elad A2 AN dory, ¢ipd A1 are the absolute elastic dif-
spread of+3°, and can beotated from —90° to 160° with ferential cross sections for atoml_c and molecular hydro-
respect to the detector. This detector is fixed to the loweP€N. respectively. Before analysis the measured spectra

chamber's wall. It contains a 127° energy selector with elec\vere corrected for the nonconstant transmission efficiency
' f the detector. Absolute values for the elastic cross sec-

tron lenses at both its entrance and exit pupils, and ends with . :
a Channeltron electron multiplier. tions were those previously previously measured by our

When measurements are made the scattering angle a,g&oup;[B?,?l,ZZh. nties involved ded |
impact energy are fixed, while the energy-loss window of the Values for the uncertainties involved are provided in

detector is swept repeatedly over the region of interest. AllaPIe |- Since the uncertainty sources were independent, they

this is controlled by a dedicated microcomputer, which alsgV€re added in quad_rature to de_term!ne the net uncertainty.
accumulates the data and performs the signal subtraction ré1"iS Net uncertainty is also provided in the table.
quired by the beam modulation.
IV. DISCUSSION OF RESULTS
Ill. DATA ANALYSIS
The results of our experiments are provided in Tables Il
The modulated nature of the hydrogen beam makes thgng |1I. Figure 1 shows th@=3 excitation cross sections,
data analysis a little complicated, as the beam contains botfiong with those calculated by Bray with the CCC method
[38]. Agreement is very good for both 40 and 60 eV impact.
TABLE I. Uncertainties in then=3 and 4 excitation cross

sections. TABLE IIl. Absolute differential cross sections for excitation of

atomic hydrogen’'sn=4 level by electron impact. Units are
Source Contributior{%) 10718 crr?/sr.

Raw data(statistic 20

Dissociation fraction 3 6 (deg

Transmission efficiency 4 E©&Y) 12 24 36 48 iy

Elastic DCS uncertainty 15 40 7.5 2.6 0.39 0.16 0.13

Total 25 60 5.9 1.0 0.23 0.053 0.029
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Fl,G'hl' AbSO|l’Jte_dIf|fel‘eI|’]tla| clross Se_Ct'O”S for the excitation of FIG. 2. Absolute differential cross sections for the excitation of
atomic hydrogen's1=3 level by electron impact. atomic hydrogen's1i=4 level by electron impact.

In the majority of cases, the theoretical predictions fall
within the experimental uncertainty. As the scattering anglexxcitation to higher impact energies. Comparison of our re-
increases, there is a tendency for the theory to run belowts with the only other available results is favorable. There
experimental error bars, but this tendency is only slight. Thes 5 tendency for our results to exceed the CCC results as the
60 eV data show diminished backscattering compared 10 the5ering angle increases in all cases, but at the angles we
40 eV results for both experiment and theory. This dimin-y oo “apje to probe this tendency is only slight. Unfortu-
gﬁ:gvgslzkg(agi:mg with increased energy is exactly WhaHa‘tely, the low signal strengths and long integration times for
pect. these measurements make higher-angle measurements im-

Figure 2 provides oun=4 excitation cross sections, along ; . i
with Bray’s CCC cross sectiong88]. Again, agreement is p055|ble_ with our apparatus. We thus welcome additional re-
quite good between the experimental and theoretical resultS€arch into these processes by others.

In most cases, theory and experiment agree to within the

experimental uncertainty. In the few where they do not, they

are still quite close. At both 40 and 60 eV, our cross sections ACKNOWLEDGMENTS
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