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Polarization of Lyman-« radiation from atomic hydrogen excited by electron impact
from near threshold to 1800 eV
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The polarization of Lymarn radiation, produced by electron-impact excitation of atomic hydrogen, has
been measured over the extended energy range from near threshold to 1800 eV. Measurements were obtained
in a crossed-beam experiment using a silica-reflection linear polarization analyzer in tandem with a vacuum-
ultraviolet monochromator to isolate the emitted line radiation. Comparison with various theoretical calcula-
tions shows that the present experimental results are in good agreement with theory over the entire range of
electron-impact energies and, in particular, are in excellent agreement with theoretical convergent-close-
coupling (CCQC) calculations performed in the present work. Our polarization data are significantly different
from the previous experimental measurements of Ott, Kauppila, and[fMitgs. Rev. Al, 1089 (1970].
[S1050-294{@8)09602-4

PACS numbe(s): 34.80.Dp, 39.10tj, 33.20.Ni, 31.15.Ar

I. INTRODUCTION tions of the degenerate magnetic sublevels in the excitation
process. In addition, since electron-impact excitation cross
Polarization of atomic line radiation has been of generakections are typically measured in a crossed-beam configu-
interest since its early discovery in the Zeeman effect, andation, with the emitted radiation detected at 90° to the
there is now a relatively large body of data available onelectron-beam axis, polarization measurements are required
polarization of electron impact-induced radiatiqiRefs. to correct these data to obtain values for the integral cross
[1, 2]). Polarization measurements in the vacuum-ultraviolesection.
(VUV) present particular difficulties for experimentalists.  The first experimental measurement of the polarization of
Since most of the standard birefringent materials do notyman-« radiation produced by electron impact excitation of
transmit in the VUV, reflection devices must be used. Theatomic hydrogen was reported by Fite and Brackmi.
problem is further compounded by the instability of some ofValues for the polarization were determined from the angular
the commonly used optical materidsuch as LiF, the lack  distribution of the Lymare radiation. However, the data
of reliable optical data for some materials, and, in somewere essentially of a preliminary nature, and have very large
cases, low polarizance. In addition, reflection devices arerror bars.
susceptible to changes in their reflection characteristics from The only subsequent measurement reported in the litera-
the accumulation of surface films, even in systems employture is that of Ref[12]. These authors used a tungsten oven
ing clean vacuunfHammondet al. [3]). to dissociate molecular hydrogen and an oxygen filter and
Much of the available experimental VUV polarization iodine vapor photon counter to isolate and detect the
data have been obtained by the Windsor group, and refer toyman-« radiation reflected from a LiF crystal mounted at
the excitation of the rare gases and various molec{des, the Brewster angle in their polarization analyzer. The polar-
for example, Refs[4-10)). ization data of Ref[12] have been widely used in the litera-
Accurate experimental values for the polarization of ra-ture to correct the H(R) cross section data of RgfL3] for
diation produced by electron-impact excitation provide apolarization effects in order to obtain values for the integral
sensitive test for theory by determining the relative popula-cross section.
Accurate polarization data play a pivotal role in the mea-
surement of integral cross sections, not only for comparison
*Permanent address: Institute of Physics, Nicholas Copernicugith various theoretical approximations but, as importantly,
University, PL87-100 Torun, Poland. for establishing the secondary standards for spectroscopic
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modeling of stellar and planetary atmospheres. In this papewhereQ,, is the cross section for excitation of the magnetic
measurements are presented of the polarization of Lyman-sublevelM related to the orbital angular momentum, and it is
radiation produced by electron-impact excitation of atomicassumed that hyperfine interactions and radiation damping
hydrogen in the extended energy range from near thresholchn be neglected.
to 1800 eV. In addition, convergent-close-couplif@CC) Experimental observations of emitted radiation made at
calculations of the Lymara polarization are performed. The an angle of 90° to the electron-beam axis must be corrected
present polarization data and our previous measurement ér the polarization of the radiation in order to determine the
the optical excitation function of H(R) (Ref.[14]) together integral cross section for the excitation process. Such raw
describe the Lymair emission integrated over all electron- experimental data yield values of the apparent cross section
scattering angles. (Qg0), Which are related to the true integral cross section
The present experimental approach takes advantage of réQ+) by
cent developments in VUV polarization analyzéRef.[15])
and in H-atom source&Slevin and Stirling[16]) which are )
capable of producing atomic densities three orders of mag- QT:QQO( 1- 3/
nitude greater than previously available. Furthermore, the
use of a 0.2-m VUV monochromator in the present experi-
mental apparatus permits the unambiguous isolation of thMeasurements of the polarization are thus not only of inter-
Lyman-a radiation. This leads to a more accurate determina€st in determining magnetic sublevel cross sections, but also
tion of the molecular contribution to the signal than in pre-t0 provide a means for correcting polarization sensitive data.
vious work, and opens the possibility of extending the At high energies, where the Bethe approximation is ex-
present measurements in the future to higher members of tiected to be valid, the polarizatiod of electron-impact-

()

Lyman series. induced radiation from an atomic statecan be calculated
from an expression derived by McFarlaf@4]. This high-
Il. POLARIZATION OF LINE RADIATION energy limit of the polarization was discussed in some detail

by Heddle[25], who showed that the parametercan be
Dipole radiation emitted in the relaxation of an atom ex-represented in this approximation by the expression
cited by electron impact will, in general, be polarized due to
the anisotropy of the collision process. The present experi-
ment has a crossed-beam geometry, with the incident elec- P=P,
tron beam defining an axis of symmetry. It can be shown
(see, for example, Refl7]) that for such cylindrical sym-

metry the radiation can be completely characterized by a , L
single integrated Stokes parameSsrwhich is defined by wher_e Py is the polarlzatlon_at threshold produced b_y elec-
tron impact of monoenergetic electrons of enefgy c; is a

1(0°)—1(90°) parameter which describes the angular distribution of the
1=m, (1) scattered electrons, arlis the Rydberg constant. The pa-
rameterP, can be calculated exactly from angular momen-
tum conservation considerations and has a value of 0.42 for
P excitations in atomic hydrogefPercival and Seaton
8]). Using a Bethe approach to the excitation, Inokas|

-1
+Py

E E
3—In(4cj ﬁ” (2—P0)In(4c]- R

wherel (0°) (also referred to ak;) andl(90°) (or |, ) are the
photon intensities observed at 90° to the electron-beam ax

with electric vector parallel or perpendicular to the beam, ; .
respectively. This parameter is often given the symBol obtained a value of 0.408 fay;. With these values for the

(=S,), and is referred to as the polarization of the radiation SONStantsPo and ¢;, Eg. (4) determines the high-energy

A comprehensive theoretical treatment of the polarizationBeme limit for the polarization. oo
of radiation was given by Percival and Seafd8]. This _Om_e consequence of the above formulation is Fhat the po-
corrected some limitations in earlier work by Oppenheimerjflrlzatlon has a value of zero at an energy given Hy

[19-21] and Penney22]. More recently, Blum[23] and =e’R/4 G Qsing t'he above val_ue fan , the polarization of
Andersen, Gallagher, and Herfd7] set polarization mea- Lyman- radiation is zero at an impact energy of 167 eV. An

surements in the wider context of a description of coIIision-experimental determination of this quantity is therefore of

ally excited atoms in terms of state multipoles. Excitedcor|1:5|derablet_|nt(|alrestl.| d itati Hedf24]
atomic states populated by electron impact on ground—stateh or an optically allowed excitation process, He

atoms evolve under the influence of spin-orbit and hyperfiné OWS that if the p_olarlzatlon is plotted againsErthen the
interactions, and decay with the emission of radiation. Thegradllent.G) of this curve at the .engrgyE(,), where the
relationship between the cross sections for populating thBOl"’mZ"’ltlon passes through zero is given by
various degenerate magnetic sublevels of the excited state

and the resulting polarization is characterized by a set of G(1+ )= — Po
constants that depend on the relative magnitudes of these (6—2Pg)’
interactions. For the Lyman series the polarization takes the

following form:

®)

whereg is the fractional cascade component of the observed
radiation at energ¥, . This allows an experimental estimate

P(nP)= M, (2)  of Py to be made well away from the threshold energy re-
7Qo+11Q, gion.
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IIl. EXPERIMENTAL APPROACH CHANNELTRON

A. Experimental apparatus PETECTOR

The experimental apparatus consists of an electron-impact
collision chamber equipped with an atomic hydrogen source,
in tandem with a 0.2-m VUV monochromatdresolving
power 250 and silica reflection linear polarization analyzer
(Ref. [15]) positioned after the exit slit of the monochro-
mator. The electrostatic electron gun and monochromator o— /
systems have been described in detail in an earlier publica- | rapiation
tion (Ref.[14]). =

The use of an electrostatic electron gun over the entire SILICA MIRROR B
energy range from near threshold to 1800 eV is an important o N o
feature of the present experimental configuration. As pointed F!G- 1. Schematic diagram of the silica reflection linear polar-
out in Ref.[12], polarization measurements using magneti-'zat'on analyzgr. The 0pt|C<’;1| constants qf the silica mirror require
cally confined electron beams may be subject to systematl%n angle of incidence of_7_0 to reflect a single plane qf polarization
errors due to spiraling and other effects associated Wm;?nly. A channeltror_l positioned at the reflector angle is used as the
magnetic-field confinement. This is especially true at lowP ot detector with a Csl-coated entrance cone to enhance the
energies close to threshold, and results in a reduction in th%uamum efficiency for Lymas radiation.
observed polarization. While electrostatically focused elec-
tron beams present the experimenter with the difficult task oftnalyzer in the present experiment represents a considerable
minimizing energy-dependent beam overlap variations, &dvantage over previous measurements that employed a LiF
crucial problem for a measurement of the optical excitatiorfeflector. LiF crystals are hygroscopic, and degrade over a
function, these effects are not important in polarization meaPeriod of time when exposed to the atmosphere. It is thus

surements since the experimental data relate ratia of 1, difficult to maintain their long-term stability and their use as
and |, signals measured at each energy and overlap varigolarizers adds a measure of uncertainty to the experimental
tions cancel. data.

A Faraday cup designed to eliminate backscattered sec- I order to eliminate any polarization effects that may be
ondary electrons is used to monitor the electron-beam cufnduced by the monochromator and detector systems, the
rent (typically 5 uA). The energy spread of the electron 9rating is rotated such _that the pl_ane o_lefl_ned by the mono-
beam is approximately 0.4 eV, with an uncertainty in theChromator entrance slit and optic axis is at 45° to the
beam energy of-0.1 eV, as measured from the appearancé!ectron-beam axigJameset al. [14]). Clout and Heddle
potential for excitation of the Lyman-transition. [28] and Donaldson, Hender, and McConK@g] described

The atomic hydrogen source was described in detail b)phe theo_retlg:al basis for this orientation |n'deta|I. _
Slevin and Stirling 16]. Hydrogen molecules are dissociated ~ Polarization measurements are made in the conventional
in a discharge, excited within @f) cavity, resonant at 36 manner by aligning the analyzer axis such that signals pro-
MHz. Hydrogen atoms effuse from a water-cooled Pyrex disPortional tol andl, reach the detector. These correspond to
charge tube, past a quartz photon trap and through a 1-mg@fthogonal values for the angjé shown in Fig. 1. This is
capillary into a field-free interaction region where they are@chieved by rotating the analyzer mirror and detector assem-
crossfired by the electron beam. Photons emitted from th&ly using a stepper motor. Using an identical polarizer to that
interaction region are dispersed by the VUV monochro-n the present experiment, Chwiret al. [15] reported mea-
mator, with slit widths chosen to ensure adequate separatigiirements of the full angular distribution of Lymarradia-
of atomic line emissions. The VUV monochromator providestion, fitted to the well-known functional form, confirming the
precise wavelength selection, a factor that is critical in quan-
tifying the molecular contribution to the observed Lyman- CHANNELTRON
signal. The use of an oxygen filter in the previous work of DETECTOR 4
Ref. [12] introduced an uncertainty in precisely what spec-
trum was transmitted to the detector.

The polarization analyzer is shown in Fig. 1, and was
described in detail by Chwiradt al.[15], who also compared
its performance to other analyzer designs. The optical con-
stants of the silica mirror require an angle of incidence of 70°
to reflect a single plane of polarization only. A value of 0.85
(#+0.03) for the polarizance (or extinction ratio for the two
orthogonal polarizationsof the analyzer used in the present
measurements was measured by Chwietial. [15] for
Lyman-w radiation using the geometry shown in Fig. 2. A" FiG. 2. Schematic diagram of the geometry of the double-

channeltron positioned at the reflector angle is used as theflection polarizance measurement. A value of 0.89(03) for
photon detector with a Csl-coated entrance cone to enhangge polarizance of the analyzer used in the present measurements

the quantum efficiency for Lymaa-radiation. The use of a was measured by Chwirett al. [15] for Lyman- radiation using
fully characterizedand stablg silica reflection polarization this geometry.

SILICA
MIRROR

COLLIMATOR

SILICA
MIRROR

L, RADIATION
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validity and accuracy of this experimental procedure. Thus the apparent polarizatioP() measured with the rf
The entire experimental system is interfaced to a personalischarge on is given by

computer that controls the electron-beam energy and the
stepper motor used to change the polarization analyzer ori-
entation. Measured signals are normalized to the electron-
beam current and hydrogen source pressure, eliminating
these potential sources of systematic error. Data are accumyhe polarization of the radiation resulting from excitation of
lated in a multiple scanning mode to reduce the effects ofydrogen atoms aloné®,,, is then given by

any drifting in other experimental parameters.

1 F—1-
P’ ©)

I

1711
B. Correction procedure for molecular contribution Py= | 1+ I (10)

Since the hydrogen beam is not fully dissociated, the ob-
served Lymanx photon signal at 121.57 nm contains a con-Finally, we obtain
tribution from molecular emission, which must be quantified.
The molecular component results from Lymarradiation Py=P’'+(1-D)x(P'—Py)), (11
produced by dissociative excitation ofHas well as radia-
tion from molecular bands transmitted by the bandpass of th&here
monochromato(full width at half maximum 2.4 nm at typi-
cal slit widths of 600um). In order to correct the measured Ly Fly
polarization data for this molecular contribution, the disso- K= 7+,
ciation fraction must be measured, together with the polar-
ization of a pure molecular hydrogen target produced with Tnys the polarization for atomic hydroge() can be
the rf discharge off. =~ _ _ obtained from separate measurements of the polarization
The dissociation fraction is established in the manner deyjth the rf discharge on and offgiving P’ and PHz), Te-

scribed in Ref[14] by tuning the monochromator to a,H  gpectively, together with a measurement of the dissociation
molecular band at 110 nrtwith the bandpass adjusted t0 fractionD.

exclude any atomic component from the Lymamadiatior) The above analysis assumes that the polarizance of the
and measuring the molecular emission with the discharge ognayzer is unity. The true polarization of the atomic radia-
and off at the same hydrogen source driving pressure angp, is obtained by dividing the result derived using EbL)
electron beam current. The dissociation fractidnis then by the polarizance. The present data are corrected by the
related to these two signa (on) andS;(off) by the rela-  polarizance value of 0.85 for Lymam-radiation measured
tionship by Chwirotet al. [15].

1T+ -1

e
[, +15

(1-D)

(6) C. Resonance trapping

Since trapping of the resonance Lymanradiation by
whereT, andT, are the effective kinetic temperatures in the ambient atomic hydrogen generally leads to a reduction in
gas beam with the discharge on and off, respectively. Woolthe polarization, it is essential to ensure that the column den-
sey, Forand, and McConkég0] and Forancet al.[31] mea-  sity of atomic hydrogen is such that the probability of ab-
sured these kinetic temperatures in a similar source angorption of a Lymanz photon en route to the detector is
found that the two temperatures were equal, confirming th&@egligibly small. To ensure the absence of resonance trap-
reasonable assumption that the source produces a therm@ihg effects in the present experiment, measurements are
beam of hydrogen. A typical value for the measured dissomade under conditions where the detected photon signal is

ciation fraction is 0.65%0.02. proportional to the hydrogen source pressure. Operating un-
If the signals measured at the two orthogonal orientationsler Knudsen conditions at the beam source preserves a linear
of the polarization analyzer axis are definedldsand| relationship between the source pressure and the number

and the subscripts 1 or 2 correspond to signals produced kjensity in the interaction region. Previous measurements
atomic or molecular hydrogen targets, respectively, then fowith this source described by Jamesal. [14] verify the
the pure molecular beam produced with the rf discharge offabsence of resonance trapping and associated depolarization

the measured molecular polarizatioB{y)) is given by effects for source pressures less than 46 m torr. The present
experiment was carried out at a source pressure of
|2+_|2— ~40 m torr.
P H) =7 F  ,=- (7)
H2717 41,

IV. THEORETICAL APPROACH

With the rf discharge on, the beam contains both hydro- The CCC method foe-H scattering was given by Bray
gen atoms and molecules, and the ratio of atoms to the totalhd Stelbovic{32]. The scattering amplitudes for theP2
number of particles in the beam is given by the dissociationsycitation are calculated after partial wavenatrix elements
fraction D. Under these conditions, are evaluated. The spin-averaged magnetic-sublevel-

dependent integrated cross secti@hsare then obtained and
I"=17+(1-D)l; and I"=17+(1-D)l,. (8  used to define the polarization fractiéhvia
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Qu—Q; from any significant unknown systematic effedter ex-
T 2.37%0,+3.740; (12) ample, in the polarizance of the analyzer, or the presence of
low-energy secondary electrons

This formulation takes into account the effects of hyperfine The previous experimental polarization data of Rég]
structure[18]. fall below both the present experimental data and available
theoretical calculations in the energy region from 13 to 25
eV, and exhibit an anomalous rise above both the present
experiment and available theories in the region 100—400 eV,

The experimental Lyman-polarization data measured in suggesting the possible presence of systematic errors. The
the present work over the electron-impact energy range frontruncation of the Ref[12] data at 700 eV also makes it
near threshold to 1800 eV are listed in Table I, together withdifficult to assess whether Bethe convergence has been
the previous experimental data of REf2]. Included in the achieved. The data of Refl12] are, however, in general
table are the results of our theoretical CCC calculations, thagreement with the present polarization data in the limited
(1s-2s-2p) close-coupling(CC) calculations of Ref[33],  electron impact energy range 25-100 eV. At the important
and the multipseudostate CC calculations of van Wynenergy of 54.4 eV, for example, the present measurement of
gaarden and Waltef84] and Callaway35]. In addition, the Lyman- polarization yields 0.1180.007, compared to an
distorted-wave second Born approximati@WSBA) calcu-  jernolated value of 0.1250.004 in Ref[12], and a theo-

Iat|o|nst 0(; Ktlngsttt? n an_?hWalItelth];ntﬂ Bublele\et fall\./l[slz 1 | retical value of 0.109 given by the present CCC calculations.
are fisted, together with selected bethe values ot Mcrarane 1, 56 of a monochromator for wavelength selection in

.[24]' All of these data are illustrated in Figs. 3 and 4, Sh(.)W'th[e present experimer{permitting accurate subtraction of
ing the general agreement between the present experimen

and the various theoretical calculations. The stated errors iwe molectulglr comlpo'ne?t of the ILymarsl%ni),t?s well as t
the present experimental data correspond to one standard p.more stable polarization analyzer, and beter agreemen

viation in the signal statistics, combined with an additionalVith theoretical calculations over the entire range of
contribution from identifiable sources of systematic error, a€€ctron-impact energies from near threshold to 1800 eV
detailed in Sec. V. For clarity, the stated error bars in theSU9gest fewer sources of systematic error in the present ex-
Ref.[12] data are omitted in Fig. 3 but are listed in Table |. Periment than in that of Ref12].
Clearly, the agreement between the present experimental It is noteworthy that neither the present experimental
polarization data and the CCC calculations is excellent ovekyman- polarization data nor the data of R¢12] tend to
the entire energy range of these calculations. Overall excethe Percival and Seatda8] limit of 0.42 at threshold. How-
lent agreement with CCC theory was also found in our pre€ver, the threshold polarization is likely to be masked by the
vious measurement of the optical excitation function ofelectron beam energy resolution-60.4 eV obtaining in the
H(2P) (Jameset al. [14]). CCC calculations of the HR)  present experiment which prevents the measurement of very
cross section were in excellent agreement with the experinarrow resonance structure. Our CCC calculatigfig. 4)
mental cross-section data over the entire electron-impact eshow considerable structure in the polarization function is
ergy range from near threshold to 1800 eV, providing furtheievident in the near-threshold region, with the theoretical po-
confirmation of the validity of the CCC methodology. larization falling from a value not inconsistent with the
Comparison of the present data with thes{2s-2p) Percival—-Seato18] limit at threshold to values consistent
close-coupling calculations of Reff33] shows good agree- With experiment at just 0.1 eV above threshold. It should
ment in the energy range from 13 to 20 eV. However, thedlso be noted that the lack of convergence cannot be attrib-
Ref.[33] value for the polarization at 54.4 eV is significantly uted to the effect of cascade in either experiment since the
lower than both the experimental data and all the other then=3 cascade threshold is at12.1 eV.
oretical calculations presented in Table I. The existence of resonances is well known to have a pro-
The multipseudostate calculations of van Wyngaarderfiound effect on polarization functionésee, for example,
and Walterd34] and Callaway[35] are also in good agree- Refs.[38,9). Thus the energy resolution of the electron gun
ment with the present experiment at energies in the rangié crucial. If this is larger than the resonance widths, or if
16-350 eV. However, a meaningful comparison of themultiple overlapping resonances are contributing to the ob-
present experimental data with the calculations of Callawayerved signal, significant distortion of the measured polariza-
[35] in the near-threshold region from 12.00 to 12.66 eV istion function results. In 3P excitation in helium, where no
not possible since the 0.4 eV energy width of the electron resonance contribution occurs untill eV above threshold,
beam used in the present experiment prevents measureméhe predicted threshold value Bfis clearly observedNoren
of the narrow resonance structure shown in the calculationgt al. [8]). It is reasonable to argue that the low near-
Agreement between the present data and the distortedhreshold value oP measured in the present experiment is
wave second Born approximation calculations of Kingstonan indication of the perturbing effects of the resonances in
and Walterd36] is good for energies above 54.4 eV where this energy region.
this approximation is likely to be most accurate. At energies Based on Eq(5), the gradient of thé® vs InE curve at
greater than 100 eV, the convergence of the present expetire energy E,=184+20 eV) at which the measured polar-
mental data to Bethe values for the polarization given byization function passes through zero yields an experimental
McFarlane[24] can be seen in Fig. 3. This convergence ofvalue forP, of 0.38+0.06, using a value g8=0.05(James
experiment and Bethe theory at high energies provides furet al. [14]). This is consistent with the theoretical value of
ther evidence that the present experimental method is fre@.42 within the(rather large error bars.

P

V. RESULTS AND DISCUSSION
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TABLE I. Experimental and theoretical values for the polarization of Lymaradiation from atomic hydrogen excited by electron
impact from threshold to 1800 eV.

Experiment Theory
CCC 1s-2s-2p CC Multi-pseudostate CC DWSBA Bethe
i approx.
van Wyngaarden Kingston
Errorin Ott  Errorin and and Bubelev
Energy Present present etal. Ottetal. Present Burkeet al. Walters Callaway Walters etal. McFarlane
(eV) work  work  [12] [12] work [33] [34] [35] [36] [37] [24]
10.15 0.130 0.006
10.20 0.159  0.007
10.30 0.140 0.007
10.40 0.158 0.006
10.50 0.129 0.012 0.139 0.006
10.60 0.142  0.005
10.70 0.137  0.006
10.80 0.141  0.004
10.90 0.165 0.005
11.00 0.137 0.010 0.171 0.005 0.2090
11.10 0.175 0.006
11.20 0.190 0.005
11.30 0.186  0.005
11.40 0.193  0.005
11.50 0.178 0.010 0.209 0.006
11.60 0.221  0.006
11.70 0.222  0.007
11.80 0.228 0.005
11.90 0.241  0.007
12.00 0.236  0.011 0.225 0.007 0.2620
12.10 0.242  0.006 0.2616
12.13 0.2650
12.17 0.2674
12.20 0.223  0.007 0.2698
12.24 0.2721
12.30 0.229  0.006
12.31 0.2754
12.38 0.2771
12.40 0.240 0.008
12.44 0.2742
12.49 0.2648
12.50 0.240 0.011 0.246 0.006 0.2582
12.51 0.2433
12.53 0.2483
12.54 0.2662
12.55 0.2927
12.57 0.2987
12.58 0.3007
12.59 0.2983
12.60 0.241  0.007
12.61 0.2889
12.62 0.2859
12.63 0.2818
12.65 0.2785
12.66 0.2694

12.70 0.234  0.008
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TABLE I. (Continued).

Experiment Theory
CCC 1s-2s-2p CC  Multi-pseudostate CC DWSBA Bethe
. ) approx.
Error in van Wyngaarden Kingston Bubelev
Energy Present present  Ott Error in  Present Burkeet al. and Callaway and et al. McFarlane
(eV) work  work etal[12] Ottet al[12] work [33] Walters[34] [35] Walters[36] [37] [24]
12.80 0.221 0.005
13.00 0.254 0.011 0.246 0.005
13.10 0.250 0.008
13.20 0.226 0.007
13.30 0.236 0.008
13.40 0.220 0.006
13.50 0.246 0.008
13.60 0.219 0.008 0.2835
13.70 0.243 0.006
13.80 0.249 0.006
14.00 0.268 0.011 0.243 0.006 0.3063
14.20 0.246 0.007
14.30 0.229 0.007
14.50 0.2954
15.00 0.270 0.011 0.247 0.010 0.2946 0.3159
15.60 0.2905
16.00 0.267 0.011 0.234 0.010 0.2858
16.46 0.2799 0.2860
17.00 0.271 0.011 0.234 0.010 0.2811
17.60 0.2794
18.00 0.266 0.011 0.253 0.010 0.2768
19.00 0.262 0.011 0.2731
19.58 0.2667 0.2700
20.00 0.254 0.011 0.231 0.009 0.2668 0.2894
22.00 0.254 0.011 0.2506
25.00 0.234 0.010 0.216 0.008 0.2332 0.2476
30.00 0.208 0.009 0.209 0.005 0.1997
30.61 0.1800
31.50 0.2019
35.00 0.184 0.008 0.171 0.007 0.1743
35.40 0.1760
40.00 0.159 0.008 0.166 0.004 0.1534 0.1576  0.2075
45.00 0.144 0.007 0.1380 0.1790
50.00 0.130 0.007 0.137 0.004 0.1202 0.1562
54.40 0.118 0.007 0.1090 0.0855 0.110 0.1060 0.135 0.1078  0.1396
60.00 0.107 0.006 0.109 0.004 0.0959 0.0964  0.1218
70.00 0.082 0.006 0.090 0.005 0.0792 0.0759  0.0969
80.00 0.074 0.005 0.0620 0.0777
85.00 0.053 0.006 0.0559 0.0697
90.00 0.055 0.006 0.0486  0.0624
100.0 0.049 0.006 0.052 0.004 0.0418 0.039 0.0380 0.050 0.0371  0.0498
110.0 0.053 0.005 0.0279  0.0393
120.0 0.025 0.006 0.051 0.005 0.0228 0.0216  0.0302
130.0 0.0156  0.0223
140.0 0.040 0.005 0.0096  0.0154
150.0 0.014 0.006 0.0075 0.0033  0.0093
160.0 0.028 0.005 0.0038

175.0 —0.0096 —0.0035
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TABLE I. (Continued).

Experiment Theory
CCC 1s-2s-2pCC Multi-pseudostate CC DWSBA Bethe
- approx.
van Wyngaarden Kingston
Errorin  Ott Error in and and Bubelev
Energy Present present etal. Ottetal. Present Burkeet al. Walters Callaway Walters etal. McFarlane
(eV) work  work  [12] [12] work [33] [34] [35] [36] [37] [24]
180.0 0.027 0.005 —0.0058
200.0 0.006 0.006 0.020 0.007 —0.0167 —-0.015 -0.013 -0.0185 -0.0137
225.0 —0.0241 -0.0220
250.0 -0.017 0.007 -0.001 0.009 -0.0311 —0.0292 -0.0291
275.0 —0.0345 -0.0351
290.0 —0.0383
300.0 -—-0.045 0.007 —-0.030 0.020 -0.0418 —0.042 —0.040 —0.0403
302.0 —0.0395 -—0.0407
350.0 —0.054 —0.0490
400.0 -0.054 0.008 —0.028 0.020 -—0.0568 —0.058 -0.0560 —0.0560
500.0 —-0.054 0.008 —-0.048 0.020 -0.0667 —0.070 -0.0630 -0.0667
600.0 —-0.038 0.009 —-0.040 0.020 -0.0742 -0.0747
680.0 —0.084 -0.0604 -0.0798
700.0 -0.070 0.009 -0.062 0.020 -0.0800 —0.0810
800.0 -—0.078 0.010 —0.0848 —0.0861
900.0 -0.094 0.010 —0.0879 —0.0904
999.9 —0.0557 —0.0940
1000 -—0.070 0.011 —0.0909 —0.0940
1200 -0.115 0.012 —0.0957 —0.1000
1400 -—0.092 0.012 —0.1000 —0.1047
1600 —0.116 0.013 —0.1048 —0.1086
1800 —0.093 0.013 —0.1079 —0.1119
VI. ERROR ANALYSIS result in an acceptance cone half-angle at the reflector sur-

A comprehensive analysis of statistical and systematic erf—a(f‘e s S Howeyer, apgrture stops are included both at the
exit of the interaction region and at the entrance of the ana-

rors was performed in order to determine the limiting accu- . .
racy of the present measurements. The total error in our valYZer that effectively restrict the acceptance cone half-angle

ues of the polarization relates to the errors in the following®f the analyzer to approximately 3°. The resulting depolar-
parameters(1) the observed count ratds , (2) the disso- ization effect can be shown to be negligiilehwirot et al.
ciation fractionD, and(3) the polarizance (since the value [15]. ) o
of P,, must be divided by in order to obtain the true polar- 't Might be argued that the present polarization data could
ization). be affected by H(8®) metastables being quenched within the
The error in the measured polarization is calculated in thdnteraction volume by stray electric fields. This process
usual way by carrying out a Taylor series expansion of thevould cause a reduction in the measured polarization. The
quantity[ Py, /e] with respect to all of the above quantities, interaction region was, however, rigorously shielded to en-
and then combining the individual error contributions in sure the absence of any stray fields. The earlier measurement
quadrature. For example, typical values for the individualin this laboratory by Jamest al. [14] of the optical excita-
relative errors at an impact energy of 54.4 eV are 2(86  tion function of the H(2) state found no evidence of any
discharge on count ratgs0.25% (for discharge off count significant contribution to the signal arising from quenching
rates, <0.1% (for D) and 3.5%for &), combined in quadra- of the H(2S) metastable population by field effects.
ture to yield a total error of-0.006 in a measured polariza-  Finally, it should be noted that in the present experiment
tion of 0.118. As expected, larger errors occur at electronthe observed Lymam- signal will include a contribution
impact energies where the smaller cross section results ifiom H(2P) states populated by cascade processes from
lower signal rates. higher-lying states rather than by direct excitation. Cascade
The silica reflector in the polarization analyzer will, in can occur from directly excite® and D states[1S—nS,
practice, accept a cone of angles of incidence of the detectatD— 2P (n=3)] or from directly excited® states vieS and
radiation on the mirror surface about the nominal angle oD states[1S—nP—n’'S, n'D—2P (3<n’<n=4)]. The
incidence of 70°. The VUV monochromator has an f 4.5cascade contribution to the measured AJZross section is
optical system with the diffraction grating used that would most significant at low electron impact energi@amest al.
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FIG. 3. Experimental and theoretical values for the polarization of Lymaadiation from atomic hydrogen excited by electron impact
over the energy range from threshold to 1800 eV. For clarity, only a few representative values of the present CCC calculations are shown
for energies<14 eV, the detailed near-threshold behavior of our CCC calculati@gf?2—14 eV is shown in Fig. 4. Similarly, the
calculations of Callawa}35] are shown only for energies 16 eV. The dotted line representing zero polarization is added for clarity. Error
bars on the Refl12] data are omitted but listed in Table I.

[14]) since 1IS—nS, nD excitations are dipole-forbidden. reflection linear polarization analyzer. The present experi-
Calculations indicate that the cascade component representgental results have been compared to the data of [R&f.
~27% of the observed Lyman-emission at 14-eV electron- and to the latest theoretical calculations. They are in excel-
impact energy, falling to~3% at 1800 eV(Jameset al.  lent agreement with the present CCC results over the entire
[14]). If it is assumed that cascade processes from higherenergy range of the calculations, are also in good agreement
lying S states populate theP2 magnetic sublevels equally, with other close-coupling calculations, and converge to
and that cascade fromD states produces only weak polar- Bethe values at high energies. The present data show signifi-
ization, then the measured Lymanpolarization values at cant differences from the previous experimental data of Ref.
energies above the threshold for cascading transitions[12], and it is argued that the present data are likely to be
(~12.1eV) will be reduced by similar factors. However, more accurate.

due to the considerable uncertainties involved in a correction

procedure, it was decided not to attempt a cascade correc-

tion. In t_hese circumstanc_es _the_ present data represent a ACKNOWLEDGMENTS
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FIG. 4. Experimental and theoretical values for the polarization of Lymaadiation from atomic hydrogen excited by electron impact
over the energy range from threshold to 14.1 eV. The theoretical calculations of Call@&sjaye shown up to an energy of 12.66 eV only.
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