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Polarization of Lyman- 8 radiation from atomic hydrogen excited by electron impact
from near-threshold energy to 1000 eV
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The polarization of Lymarg radiation, produced by electron-impact excitation of atomic hydrogen, has been
measured over the extended energy range from near threshold to 1000 eV. Measurements were obtained in a
crossed-beams experiment using a silica-reflection linear polarization analyzer in tandem with a vacuum
ultraviolet monochromator to isolate the emitted line radiation. Our data are in excellent agreement with
convergent close-coupling calculations over the entire energy range. The data are broadly similar to the earlier
measurements of H Lymad-polarization reported from the Jet Propulsion Laboratory.
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[. INTRODUCTION to obtain values for the integral cross section.
In this paper, we report polarization measurements of H

Polarization of atomic line radiation has been of generalkyman-3 radiation, produced by electron-impact excitation
interest since its early discovery in the Zeeman effect, an@f atomic hydrogen in the extended energy range from near-
there is now a relatively large body of data available onthreshold to 1000 eV. These data are for tise3p transition.
polarization of electron-impact-induced radiatiéhicCon- ~ Our data are compared with convergent close-coupling
key, Hammond, and Khakdd], Heddle and Gallaghd]). (Cco calculayong over the ermre energy range, and with the
Polarization measurements in the vacuum ultravipiety) ~ Bethe approximation in the high-energy regime.
present particular difficulties for experimentalists. Much of ~ The present eXperlmental approach is identical to that of
the available experimental VUV polarization data have beerPUr previous polarization measurements for the H Lyman-
obtained by the Windsor group and refer to the excitation ofine. Our technique utilizes a radio-frequen@yF) atomic
the rare gases and various moleculs=e, for example, West- Nydrogen discharge sour¢8levin and Sterlind11]) and a
erveldet al.[3], Malcolm, Dassen, and McConké$], Hus- reflection VUV polarization analyzefChwirot et al. [12])._
chilt, Dassen, and McConkel], Dassen and McConkey e also employ a 0.2-m VUV monochromator to unambigu-
[6], and Noreret al.[7-9]). As part of a systematic study of 0usly select the Lymays-radiation. This is essential for an
VUV optical emissions from electron-impact excited atomic &ccurate dgtermlnanon of the molecular contribution to the
hydrogen, the Jet Propulsion Laboratory recently reporte@bserved signal.
detailed measurements of the polarization of H Lynaara-
diation at electron energies from near threshold to 1800 eV
(Jameset al. [10]). We present here the results of a similar  Qur previous paper on H Lymam-polarization (James
study for the next resonance line in the-hp Lyman series, et al.[10]) details the relationships between excitation cross
Lyman . sections and the polarization of line radiation. We summarize

The motivation for this program is straightforward. Accu- here the general principles. Dipole radiation emitted in the
rate experimental values for the polarization of radiation prorelaxation of an atom excited by electron impact will, in
duced by electron-impact excitation provide a sensitive tesgeneral, be polarized due to the anisotropy of the collision
for theory by determining the relative populations of the de-process. The present experiment has a crossed-beams geom-
generate magnetic sublevels in the excitation process. In agtry, with the incident electron beam defining an axis of sym-
dition, since electron-impact excitation cross sections arenetry and therefore an excitation process satisfying condi-
typically measured in a crossed-beams configuration, withions of cylindrical symmetry. The radiation can be

the emitted photons detected at 90° to the electron-beagompletely characterized by a single integrated Stokes pa-
axis, polarization measurements are required to correct daf@meterS; which is defined by

II. POLARIZATION OF LINE RADIATION

~1(0°)~1(90°)

*Present address: 56 Waterloo Road, Dublin 4, Ireland. 1_I(0°)+ 1(90°)’ @
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wherel (0°) (also referred to a§;) and1(90°) (or I,) are . EXPERIMENTAL APPROACH
the photon intensities observed at 90° to the electron beam
axis with electric vector parallel or perpendicular to the elec-
tron beam, respectively. This parameter is often given the The experimental apparatus has been described in detail
symbolP(=S,), and is usually referred to as tipelariza- by Jameset al. [10]. It consists of an electron-impact colli-
tion of the radiation. sion chamber equipped with an atomic hydrogen source, in
The relationship between the cross sections for populatingandem with a 0.2-m VUV monochromat@esolving power
the different degenerate magnetic sublevels of the excited50). A silica-reflection linear polarization analyz@hwirot
state and the resulting polarization is characterized by a seft al. [12]) is positioned after the exit slit of the monochro-
of constants that depend on the relative magnitudes of thesgator. Since magnetically confined electron beams may be
interactions. For the Lyman series the polarization takes thgupject to systematic errors due to spiraling and other effects

A. Experimental apparatus

following form: associated with magnetic field®tt, Kauppila, and Fite
[17]), an electrostatic electron gun is used to produce the
P(NP)= 3(Qo—Qy) @) electron beam over the entire energy range from near thresh-
7Q,+11Q,’ old to 1000 eV.

A Faraday cup designed to eliminate backscattered sec-
whereQ,, is the cross section for excitation of the magneticondary electrons is used to monitor the electron-beam cur-
sublevelm related to the orbital angular momentum and it isrent (typically 5 uwA). The energy spread of the electron
assumed that hyperfine interactions and radiation dampinigeam is approximately 0.4 eV, with an uncertainty in the
can be neglected. beam energy of-0.1 eV, as measured from the appearance

At high energies, the polarizatioR of electron-impact- potential for excitation of the Lymay-transition.
induced radiation from an atomic statecan be calculated The atomic hydrogen source has been described in detalil
from an expression derived by McFarlafi8] and Heddle by Slevin and Sterling11]. Hydrogen molecules are disso-
[14], assuming the validity the Bethe approximation. Theciated in a discharge, excited within an RF cavity, resonant at
parameteP can be represented in this approximation by the36 MHz. Hydrogen atoms effuse from a water-cooled Pyrex

expression discharge tube, past a quartz photon trap and thrau mm
capillary into a field-free interaction region where they are
E E -1 crossfired by the electron beam. Photons emitted from the
P=Py| 3— In( acig (| (2— Po)'”( 4cjg|+Po| (3 interaction region are dispersed by the VUV monochromator,

with slit widths chosen to ensure adequate separation of
atomic line emissions. The VUV monochromator provides

precise wavelength selection, a factor that is critical in quan-
atti_fying the molecular contribution to the observed Lym@n-

where P is the polarization at threshold produced by elec-
tron impact of monoenergetic electrons of enefgy c; is a
parameter that describes the angular distribution of the sc I
tered electrons, andis the Rydberg constant. The parameterSlgna : o . . .

Py can be calculated exactly from angular momentum con- The polarization analyzer has been d_escnbed in detail by
servation considerations and has a value of 0.4hRex- Chwirot et al. [12] yvho also compare its performance to
citations in atomic hydroge(Percival and Seatofl5]). Us- other analyzer designs. 'Ifhe. optical conostants of the .S'I'Ca
ing a Bethe approach to the excitation, Inok[#6] has mirror require an gngle of incidence of.70 to reerc_tasmgIe
obtained a value of 0.408 far; . With these values for the plane of polarization only. On the basis of the optical data,

. . the calculated polarizance (or extinction ratio for the two
cons_ta_ntsPo andc;, Eg.(:}) determines the high-energy Be- orthogonal polarizationsf the analyzer used in the present
the limit for the polarization.

measurements for Lymagiradiation is 0.630.03. A chan-

One consequence of the above formulation is that the po- .
o . neltron, with a Csl-coated entrance cone to enhance the
larization has a value of zero at an energy given by

=e3R/4cj . Using the above value far , the polarization of quantum efficiency at Lymag and positioned at the reflec-

Lyman g is zero at an impact energy of 167 eV. An experi—tor angle, is used to detect the photons,

mental determination of this quantity is therefore of interest In order to eliminate any polarization effects that may be
. quantity induced by the monochromator and detector systems, the
For an optically allowed excitation process, Hedfld]

shows that if the polarizatio® is plotted against I& then grating is rotated such that the plane defined by the mono-

. . chromator entrance slit and optic axis is at 45° to the
the g'rad!ent(G) of this curve at th? e’?e@E(D) where the electron-beam axigJameset al. [10]). Clout and Heddle
polarization passes through zero is given by

[18] and Donaldson, Hender, and McConKeig] describe

the theoretical basis for this orientation in detail

_ Po (4) Polarization measurements are made in the conventional
(6—2Pg)’ manner by aligning the analyzer axis such that signals pro-

portional tol; andl, reach the detector. This is achieved by

wherep is the fractional cascade component of the observedotating the analyzer mirror and detector assembly using a

radiation at energ¥p . A determination of the slop& from  stepper motor.

the experimental data thus allows an measuremet,ab The entire experimental system is interfaced to a PC that

be made well away from the threshold energy region. controls the electron-beam energy and the stepper motor

G(1+B)=
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used to change the polarization analyzer orientation. Mea- TABLE I. Experimental and theoretical Bethe values for the
sured signals are normalized to the electron-beam currepplarization of Lymang radiation from atomic hydrogen excited by
and hydrogen source pressure. Data are accumulated inegctron impact from near-threshold energy to 1000 eV.

multiple scanning mode to reduce the effects of any drifting

in other experimental parameters. Energy(eV) Experiment Error Bethe
15 0.256 0.021
B. Correction procedure for molecular contribution 20 0.297 0.015
Since the hydrogen beam is not fully dissociated, the ob- 25 0.267 0.016
served Lymarng photon signal at 102.56 nm contains a 30 0.240 0.012
(small, but not negligiblecontribution from molecular emis- 35 0.205 0.015
sion, which must be quantified. The molecular component 40 0.169 0.015 0.208
results from Lymangs radiation produced by dissociative ex- 50 0.137 0.015 0.156
citation of H,, as well as radiation from molecular bands 60 0.112 0.016 0.122
transmitted within the bandpass of the monochromédpr 70 0.114 0.013 0.097
erated at a full width at half maximum of 2.4 nm at typical 30 0.067 0.011 0.078
slit widths of 600 um). In order to correct the measured 100 0.045 0.017 0.050
polarization data for this molecular contribution, the disso- 150 0.008 0.017 0.009
ciation fraction must be measured, together with the polar- 200 ~0.019 0.014 —0.014
ization of a pure molecular hydrogen target produced with 300 ~0.023 0.019 —0.040
the RF discharge off. _ _ 400 -0.071 0.021 ~0.056
The dissociation fraction is established in the manner de-
. . 500 —0.064 0.020 —0.067
scribed by Jamest al.[10] by tuning the monochromator to
. . 600 —0.059 0.018 —0.075
an H, molecular band at 110 nifwith the bandpass adjusted
to exclude any atomic component from Lymghand mea- 800 ~0.067 0.018 ~0.086
1000 —0.078 0.023 —0.094

suring the molecular emission with the discharge on and off
at the same hydrogen source driving pressure and electron
beam current. The dissociation fractiénis then related to
these two signal§; (on) andS, (off) by the relationship

interaction region. Previous measurements with this source
described by Jamest al. [10] verify the absence of reso-

T.S nance trapping and associated depolarization effects for

2°1 .

1-D=~ /T——, (5) source pressures less than 46 mTorr. The present experiment
152 was carried out at a source pressure~@f0 mTorr.

whereT; andT, are the effective kinetic temperatures in the
gas beam with the discharge on and off, respectively. Using
this value for the dissociation fraction, the polarization of the  The CCC method foe-H scattering calculations has been
atomic line radiation can then be obtained in the mannegescribed in detail by Bray and Stelbovi@0]. The scatter-
described by Jamest al. [10], from separate measurements jng amplitudes for the B excitation are calculated after par-

of the polarization with the RF discharge twhere the beam  tja] wave T-matrix elements are evaluated. The spin-
contains a mixture of atomic and molecular hydrogend  averaged magnetic-sublevel-dependent integrated cross

with the RF discharge offwhere the beam is purely molecu- sectionsQ,, are then obtained and used to define the polar-
lar). The true polarization of the atomic radiation is finally jzation fractionP via

obtained by correcting the measured data for the analyzer

polarizances. The present data are corrected using a polari- Qo—Q;
zance value of 0.63 for Lyma@, calculated using the optical P= .
constants for fused silica. 2.37313.74;

IV. THEORETICAL APPROACH

(6)

This formulation takes into account thieery smal) effects

of hyperfine structur¢l5], and differs slightly from Eq(2)
Since trapping of resonance Lymghradiation by ambi- because of this.

ent atomic hydrogen generally leads to a reduction in the

polarization, it is essential to ensure that the column density V. RESULTS AND DISCUSSION

of atomic hydrogen is such that the probability of absorption

of a Lymang photon en route to the detector is negligibly = The experimental H Lymag-polarization data measured

small. To ensure the absence of resonance trapping effectsiim the present work over the electron-impact energy range

the present experiment, measurements are made under cdrem near-threshold to 1000 eV are listed in Table |, together

ditions where the detected photon signal is proportional tawith the results of Bethe calculations at the higher energies

the hydrogen source pressure. Operating under Knudsen cowhere this approximation is expected to be valid. The Bethe

ditions at the beam source preserves a linear relationshipalues were calculated from the formula of McFarlah8].

between the source pressure and the number density in tH€CC results are not included in the table because the energy

C. Resonance trapping
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FIG. 1. Experimentalsolid circle3 and theoretical CCCsolid line) and Bethe(dashed ling values for the polarization of Lymag-
radiation from atomic hydrogen excited by electron impact over the energy range from thresigld e\j to 1600 eV. For clarity, only
a few representative values of the present CCC calculations are shown for eseldie¥, the detailed near-threshold behavior of our CCC
calculations is shown in Fig. 2. The dashed horizontal line representing zero polarization is added for clarity. The position of-8y) H(1
excitation threshold is indicated by the vertical dashed line.

basis for these calculations had only limited overlap with thewith CCC theory was also found in our previous measure-
experimental energies. ment of the polarization of H Lyman- radiation (James
Our data are illustrated in Figs. 1 and 2, together with theet al. [10]) as well as for the optical excitation function of
CCC calculations. There are no previous experimental mea+(2P) (Jameset al. [21]). CCC calculations of the H(2)
surements. The stated experimental errors in our data corrgross section were in excellent agreement with the experi-
spond to one standard deviation in the signal statistics, comnental cross section data over the entire electron-impact en-
bined with an add_monal cont_r|but|on from |dent|f|abl_e ergy range from near threshold to 1800 eV, providing further
sources of systematic error, estimated on the same basis g@snfirmation of the validity of the CCC methodology.
deﬁ_chrlbgd by ﬁam? al. ELO]' ariza o throudh At energies greater than 100 eV the convergence of the
¢ el ataésg i7c5)4VY2tOe \p/o arlzat|o|r|1 p?ssmg t routg _fherBresent experimental data to Bethe values for the polariza-
?hea Vr?agiitg d T/glue gf 1 6e7 é\|/n g:)l(gzrlenthigraeegs;e\xtl bet_ion can be seen in Fig. 1. This convergence of experiment
P : ' Y, agre and Bethe theory at high energies provides further evidence
tween the present experime ntal H Lyma rpolanzaﬂon data that the present experimental method is free from any sig-
and the CCC calculations is excellent over the entire energy... . .
icant unknown systematic effectfor example, in the po-

range of these measurements. Overall excellent agreement.
larizance of the analyzer, or the presence of low-energy sec-

ondary electrons
03 1 It is worth noting that, like our Lymar data, the present
experimental LymarB polarization data do not tend to the
Percival and Seatdri5] limit of 0.42 at threshold. However,
the behavior of the polarization in the near-threshold region
will necessarily be masked by the electron-beam energy
resolution of ~0.4 eV obtained in the present experiment.
Any resonance structure present will therefore not be observ-
able in the present experiment. The low-energy CCC calcu-
lations (Fig. 2) show considerable structure in the polariza-
, , . , , tion function in the near-threshold region. It should also be
120 125 e ;Zf(ev) 185 14.0 noted that the lack of convergence to the Percival and Seaton
limit cannot be attributed to the effect of cascade since the
FIG. 2. Theoretical CCC calculations for the polarization of =4 cascade threshold is at12.8 eV.
Lyman-3 radiation from atomic hydrogen excited by electron im- ~ The existence of resonances is well known to have a pro-
pact over the energy range from thresh6lel2.1 e\j to 14 eV. found effect on polarization functionésee, for example,

<)
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Heddle, Keesing, and Watkif®2], Noren and McConkey and are in excellent agreement over the entire energy range
[8]). Thus the energy resolution of the electron gun is crucialof the measurements, and also converge to Bethe values at
If this is larger than the resonance widths, or if multiple high energies. The present data are broadly similar to the
overlapping resonances are contributing to the observed sigarlier measurements of H Lyman-+polarization reported
nal, significant distortion of the measured polarization func-from the Jet Propulsion Laboratory.
tion results. In 2'P excitation in helium, where no reso-
nance contribution occurs untitl eV above threshold, the
predicted threshold value d@® is clearly observedNoren ACKNOWLEDGMENTS
et al. [7]). It is not unreasonable to argue that the low near- _ ) o _
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