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Electron-impact excitation of the 1 2S˜2 2S12 2P levels of atomic hydrogen at 30, 40, 50, 54.4
and 100 eV
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Normalized experimental differential cross sections for the electron impact excitation of the 12S→2 2S
12 2P levels of H at 30, 40, 50, 54.4, and 100 eV incident energies are presented. Ratios of scattering
intensities of electrons incident on a target mixture of H and He and having excited the H (n52) and He
(n52) levels are measured using electron-energy-loss spectroscopy. These intensity ratios are normalized to
available, accurate, experimental excitation differential cross sections for He (n52) @except at 54.4 eV, where
theoretical He (n52) differential cross sections are used# to obtain relative differential cross sections for
electron impact excitation of the H (n52) manifold. The relative H (n52) differential cross sections are
placed on an absolute scale by determining the H/He mixture ratio using energy-loss spectra taken at 200 eV
and 25° scattering angle, and normalizing to accurate theoretical H (n52) and He (n52) differential cross
sections at this energy and scattering angle. Comparisons with available calculations and measurements are
made.
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I. INTRODUCTION

There exists a long-standing discrepancy between the
and experiment in electron-atom collision physics, regard
differential electron scattering from H at large electron sc
tering angles; this constitutes the most important prob
that needs to be solved in collision physics at the pres
time @1#. Experimental electron impact excitation data f
tests of electron scattering models are available in the f
of differential cross sections, coherence and correlation m
surements~electron-photon coincidence, polarized-electr
scattering asymmetries!, and emission cross sections. T
reader is referred to the recent reviews of Zeccaet al. @2# for
cross-section measurements and also Croweet al. @3# for
electron-photon coincidence studies in H. In the pa
electron-photon coincidence measurements@1,4,5# in H and
He have provided tests of the existing convergent clo
coupling calculations~CCC! of Bray and Stelbovics@6# and
Fursa and Bray@7# for electron-H and electron-He scatterin
However, while these data provide details of inaccess
cross sections, scattering amplitudes, and phases, the u
tainties in these difficult and time-consuming measureme
are typically in the region of 15–20%. More recently, t
Maynooth group@8# has carried out electron-photon coinc
dence measurements of the excitation of the H 12S→2 2P
transition at the well-studied incident electron energy (E0) of
54.4 eV. Their experiment employed a linear ‘‘polarizatio
correlation’’ analysis of the coincident Lyman-a photons,
and their results for the reduced Stokes parameter,P2, show
significant differences with the CCC around 90° scatter
angle. This is in disagreement with the recent electr
photon ‘‘angular-correlation’’ measurements of the Ne
castle group@1#, which show excellent agreement with th
CCC ~when converted into the reduced Stokes parameterP2
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@9#!. The 1 2S→2 2P transition of H is easily radiation-
trapped even at very low H-beam densities. This eff
makes such coincidence measurements in H restricted to
target beam densities, thus making experimental signal r
and accumulated statistics low. At present, there are
some uncertainties about the reliability of the CCC for p
viding highly accurate scattering amplitudes for electron
scattering as it does for electron-He scattering. A popu
argument which supports this is that H has considera
higher dipole polarizability (0.67310230m3) than He (0.2
310230m3) @2,10#. This long-range polarization potentia
increases the number of partial waves required for the c
vergence of scattering models and could thus give additio
difficulties for the CCC in H as compared to He. This que
has not been clarified experimentally for H differential cro
sections~DCS’s!, where the situation fore21H scattering is
unsatisfactory. AtE0554.4 eV, some discrepancies exist b
tween the H (n52) DCS’s of Williams and Willis@11# and
the CCC@6#. There is some concern atE0554.4 eV when
one compares the William and Willis DCS’s to those of t
CCC here because the disagreements between the CCC
Williams and Willis’ data exceed 25%~four standard devia-
tions! in places. AtE05100 eV aboveu.80°, the H (n
52) DCS’s of Williams and Willis exceed the CCC b
greater than a factor of 2. At thisE0 there also exist DCS’s
taken by the John Hopkins group@12# using the method of
mixtures ~a supersonic H source was seeded with He a
calibration standard! for the electron impact excitation of th
H (n52) manifold. These DCS’s show severe disagre
ments with the CCC atu above 90°, by a factor of greate
than 4. These disagreements are possibly due not only to
significant experimental problems in working with~dissoci-
ated! atomic hydrogen beams, but also in the systematic
certainties in such experiments which dominate in the p
©1999 The American Physical Society01-1
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cess of normalizing inelastic scattering intensities to ela
scattering DCS’s in these experiments. Conventionally, e
tic scattering cross sections in suche21H collision experi-
ments are obtained by the discharge modulated-beam me
@13#, where it is assumed that the concentration of exci
~metastable! state H species is negligible. Because of th
the number density of atoms/molecules in discharge on
conditions in the target region is related by a simple form
containing the dissociation fraction, the masses of the s
cies, and the temperature for the discharge on/off conditio
However, the elastic electron scattering signal can
plagued by background from primary beam electrons refl
ing ~elastically! from surfaces around the collision regio
making the determination of the elastic scattering sig
prone to systematic errors. Further, beams of H are gener
from dissociation of H2 and thus always contain an H2 com-
ponent. This H2 fraction has to be precisely known in ord
to determine elastic scattering from H alone. The determ
tion of H:H2 ratios in the target beams used in these exp
ments makes them difficult in order to be accurate. That s
problems~outlined above! are difficult to work around can
be gauged from the disagreements between existinge21H
elastic scattering DCS measurements@13,14#.

The experimental method of gas mixtures does not h
the problems encountered in the conventional modula
beam method. In this method the H beam is mixed with
inert gas whose inelastic cross sections are accurately kn
~i.e., a standard target!. By monitoring the energy-loss fea
tures of H and the standard target, it is possible to mea
inelastic cross sections where one monitors only inelastic
scattered electrons. By only monitoring inelastically sc
tered electrons, one can separate thee21H from the e2

1H2 inelastic features~or for that matter H/H2 and the stan-
dard gas target! using electron-energy-loss spectroscop
This mode of operation also reduces the pernicious effec
background electrons from the collision region. This a
provides an alternative method for obtaining accurate ine
tic DCS’s for electron scattering from H. As mentioned, th
method has been employed by the John Hopkins Univer
group@12#. However, their results also show severe disagr
ment with those of the CCC and Williams and Willis@11#.
On reexamination, we realized that this method should w
well provided the gases were well-mixed and effusively
troduced into the target region~equal mean free paths!. Ad-
ditional observations that background electron scattering
nals in inelastic scattering channels were significantly low
than corresponding backgrounds in the elastic scatte
channel encouraged us to make a new attempt at meas
H (n52) DCS’s using the method of mixtures.

In this paper, we present measurements of normali
DCS’s for excitation of then52 manifold of H via the
method of mixtures. Here we use existing accur
electron-He inelastic experimental DCS’s as our calibrat
standard for relative DCS’s and accurate and consistene2

1H ande21He theoretical DCS’s as our absolute calibr
tion standards. This paper is also a full version of a le
published earlier@15#.
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II. EXPERIMENTAL APPARATUS

Our apparatus has been discussed previously~see Ref.
@16# and the references therein!, so only a brief summary will
be given here. The atomic beam is generated by a capil
needle, and made to cross a monochromatic beam of e
trons produced by a single-hemispheric electron gun of
electrostatic electron spectrometer in a conventional cros
beam-beam configuration. This experiment was previou
used for electron-photon coincidence studies@16#, in which
to reduce the detection of metastable He atoms by an o
VUV photon detector the gas jet was angled at 45° to
scattering plane~away from the VUV detector!; it was left in
this position for this experiment. Scattered electrons w
energy-analyzed by the spectrometer’s electrostatic anal
as a function of energy lossDE and scattering angleu. The
spectrometer performed with typical currents of'0.2–0.3
mA and with an energy resolution of 170–200 meV@full
width at half-maximum ~FWHM!#. This spectrometer is
stable over very long periods~. 1 year!. The unit is baked at
' 110–120 °C to maintain stability against oil contamin
tion. It is enclosed in a double mu-metal shield which r
duced the Earth’s magnetic field below 5 mG. Its data acq
sition and control system is computerized~angle settings,
multichannel sweep, pressure monitoring, etc.!, thus allow-
ing for the continuous~overnight! and hence efficient collec
tion of data. The angular resolution of the spectromete
2.5° ~FWHM! and the location of the angles is within61.0°.
Finally, its contact potential was measured using the ela
scattering 22S resonance in He at 19.36660.005 eV @17#
and was found to be in the range of 0.65–0.8 eV. Our in
dent energy is therefore accurate to approximately60.1 eV.

For our gas source, we have used a recently develo
intense, and very stable H source that is detailed in a re
publication@18#. The H source is an extended cavity micr
wave discharge of 99.999% purity H2, operating at 2450
MHz, which utilizes Teflon tubing to conduct the atoms
the collision region, where the tubing is terminated by
outside-silvered glass needle~0.5-mm internal diameter!, but
inside-coated with Teflon using a solution of Teflon FE
provided to us by the Dupont company@18#. This source
operates with a high H/H2 dissociation fraction of 85%~un-
der presently optimum conditions!. In this work typical dis-
sociation fractions ranged from 75% to 80%. This fraction
stable over periods exceeding a month. Typically, a mixt
ranging from a 0.5:0.5 to 0.6:0.4~by pressure! of H2 to He
was used, and was introduced into the discharge t
through separate precision leak valves. At the working pr
sure~typically 0.5 Torr of H21He), the experimental back
ground pressure increased from a base of 831028 to 1.6
31026 Torr. The discharge was allowed to stabilize ove
night and was checked for stability by monitoring electr
energy-loss spectra with the electron spectrometer. The p
sure fluctuation of the discharge during the entire experim
~for H and He together! did not exceed 2% as measure
upstream of the discharge using a temperature-stabilized
pacitance manometer. We noticed that during the cours
data measurements, the discharge~characteristically bright
red! would suddenly turn pink and result in a complete lo
1-2
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ELECTRON-IMPACT EXCITATION OF THE . . . PHYSICAL REVIEW A 61 012701
of H. This loss of H would last from 30 min to 1 h. When th
source returned to its bright red color, the dissociation
verted quickly~within a few minutes! to its normal value.
The reason for this instability is not understood, but it
correlated with the presence of He in the discharge tube
could be possibly due to a change in the surface of the
charge induced by the He for a short period of time due
metastable degradation of the surface or some other chem
reaction of the He with the discharge glass wall. In any ca
data taken under these conditions were rejected. On res

FIG. 1. Typical electron-energy-loss spectrum of He1H1H2

taken atE0550 eV andu5102° from this experiment. Pertinen
energy-loss features are labeled and the fits~heavy solid lines! to
unfold the data are shown. See text for details.
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ing normal operation, we were able to reproduce spectra v
accurately and easily to within 3% uncertainty across
spectrum of H and He.

III. EXPERIMENTAL METHOD

Our measurements were made in two stages. The
stage involved the determination of relative DCS’s for ex
tation of the H (n52) manifold. The second stage involve
the normalization of the relative DCS’s to absolute value

A. Relative DCS measurements

First, data which were comprised of electron-energy-lo
spectra covering~simultaneously! the energy-loss range o
9.7–12.2 eV@H (n52) features# and 19.5–22.0 eV@He (n
52) features# were taken in continuous scans and scatter
angles in the range of 10°–127° in 5° intervals. A typic
spectrum is shown in Fig. 1. Spectra were taken in a qu
random sequence, and angles were repeated in most ca
least in triplicate to check reproducibility or to improve st
tistics. Such spectra were taken at theE0 values of 30, 40,
50, 54.4, and 100 eV. The ratioRH/He of the scattering inten-
sities for the energy-loss feature for the 12S→2 2S12 2P
levels of atomic hydrogen and the summed 11S→2 1S
12 3P12 1P levels of He was determined from eac
energy-loss spectrum~see Fig. 1!. This ratio is related to the
respective DCS’s (ds/dV)/of the H and He inelastic fea
tures by
RH/He~E0 ,u!5

T~E0 ,DEH!I 0nH~ lDVeff!
ds

dV
@H~2 2S12 2P!#

T~E0 ,DEHe!I 0nHe~ lDVeff!
ds

dV
@He~2 1S12 3P12 1P!#

, ~1!
o
ten-

e

e-
ith

not
ec-
the

ted
whereI 0 is the incident electron current,nH andnHe are the
respective average number densities for H and He in
collision region, and (lDVeff) is the ‘‘effective’’ overlap of
the electron beam through the gas beam~l! and the spectrom
eter analyzer acceptance view cone,DV. (ds/dV)@H(2 2S
12 2P)# and (ds/dV)@He(2 1S12 3P12 1P)# are the re-
spective DCS’s for excitation of the above-mentioned H a
He levels of interest from their respective ground stat
T(E0 ,DE) is the transmission efficiency of the electron d
tector for the different energy-loss electrons for the exc
tion of H (5DEH) and He (5DEHe), relative to the elastic
(DE50) energy loss.

The effect utilized in the method of mixtures is that t
term (lDVeff) in Eq. ~1! is nearly identical for both gases
since the gases are well-mixed, the collisional mean free p
of both species is the same. The complete gas mixin
ensured in the configuration here since the mean free pa
the gases ('1024 m) is much shorter than the length of th
e

d
s.
-
-

th
is
of

gas-handling system~'1 m!. The ratioRH/He in Eq. ~1! then
becomes directly proportional to the DCS ratio of the tw
gases, which are related to their respective scattering in
sities by the ratio ofnH and nHe and T(E0 ,DEH) and
T(E0 ,DEHe). Thus, relative DCS’s for the unknown gas~H
in our case! may be determined from relative DCS’s of th
calibration gas~He in this experiment! using Eq.~1!.

The proper implementation of the method of mixtures d
pends on several factors which we now list, together w
their handling in our experiment.

~i! The electron-energy-loss spectra of the mixture do
interfere with each other, so that pertinent, individual sp
tral features can be isolated. This is clearly the case for
features in question here~Fig. 1! where the H (n52) fea-
tures are sited on a smooth H2 b 3Su

1 continuum and the He
(n52) features lie on a flat H/H2 ionization continuum. Both
H and He (n52) features can consequently be separa
1-3



in
in
pe
s
a
ta
o
d-
e

le
io
as
ou
an
ve
su

e
si
an

e
e
r
te
lts
ro

he
bl
ly

un
n

el
re
e

he

.,

te

over

ee-
s
ore

e
,
ail-
r

on

iffer-
r
ar
pact
V
. It

d in

M. A. KHAKOO et al. PHYSICAL REVIEW A 61 012701
easily from other background features. In this work, the
tensities of the relevant energy-loss features were determ
by using a spectrum-fitting code which has been develo
in our laboratory@19#. The instrumental profile used in thi
code was that of the H (n52) energy-loss feature, after
linear background was subtracted from it. This instrumen
profile was used to fit the He features located on a smo
H/H2 ionization continuum. The continuum could be a
equately described by a polynomial of up to second ord
although in most cases~especially at largerE0 values! a
first-order polynomial sufficed.

~ii ! The flow of constituent atoms in the mixture is stab
which implies a stable H source, i.e., that the dissociat
fraction of H in the source is constant. This is also the c
for the present experiment, where runs of several days c
be made over essentially identical flow conditions with
estimated 2% stability in the mixture, based on obser
ratios as well as pressure stability of the discharge. To en
stable operation, only metal tubes~copper mainly! or Teflon
tubes~inside the vacuum chamber! were used to handle th
gas. The gases were regulated into the discharge u
double-stage gas regulators with all metal diaphragms
bakeable precision leak valves@20#.

~iii ! The transmission of the electron analyzer remain
constant during the course of the experiment. This was
sured in this experiment bynot retuning the electron analyze
during the course of the experiment, and keeping the sys
heated~see Sec. II! to stabilize the lens’ surfaces. The resu
of these actions enabled us to successfully reproduce c
section ratios.

~iv! Electron scattering from background gas in t
vacuum tank can be accurately measured or is negligi
This is especially a problem with H since it only partial
recombines with the walls of the vacuum tank@21# and is
thus present in the background. The inelastic, backgro
electron scattering signal from He was measured for a ra
of u from 5° to 120°, at the differentE0 values. We observed
that it maximized to approximately 10% at smallu ~depend-
ing on theE0 value, i.e.,u,20° atE0530 eV andu,5° at
E05100 eV) and reduced to less than 2% at largeu. Not
knowing the exact contribution of H, we have conservativ
added the full uncertainty in the He background to our
sults, assuming on the outside limit that the background
rors are the same for both gases.
f t
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~v! Accurate relative DCS’s need to be available for t
standardizing gas. The DCS’s for the summed 11S→2 1S
12 3P12 1P transitions in He were taken atE0530, 40,
and 50 eV from a recent experiment of Roderet al. @22#
~65% relative!, which is in excellent agreement~within
65%! with the very early measurements of Hallet al. @23#
~uncertainties of65% relative and615% absolute; see, e.g
Fig. 2! and in reasonable agreement~within 610% relative!
with the measurements of the JPL-LANL group@24,25#.
However, the Roderet al. measurements constitute separa
relative measurements for the 11S→2 1S, 2 3P, 2 1P tran-
sitions. Therefore the ratios of the 21S:2 3P:2 1P in this
data set were established using the 21S:2 3P:2 1P ratios
from the DCS’s of Hallet al. @23# ~interpolated by a poly-
nomial least-squares fit where necessary, and averaged
scattering angles of 20° to 120°!. At E05100 eV, we used
the DCS’s for the summed 11S→2 1S12 3P12 1P transi-
tions in He of the JPL-LANL group@24,25#, which are the
only available experimental DCS’s. We notice the disagr
ment between the CCC@7# and the experimental He DCS’
at large scattering angles. This will be discussed in m
detail in Sec. V A concerning the He 11S→2 1S12 3P
12 1P standard. AtE0554.4 eV we employed the CCC H
DCS’s of Fursa and Bray@7# for our calibration standard
because there exist no inelastic experimental DCS’s av
able for He atE0554.4 eV to enable us to normalize ou
RH/He values at this energy

B. Normalized DCS measurements

In the next stage our relative H (n52) DCS’s were nor-
malized to the mean theoretical values for the H (n52) DCS
calculated from the distorted-wave Born approximati
~DWBA! @26# and the CCC@6# at 200 eV and 25°. TheseE0
andu were chosen because whereas these models are d
ent approaches, they both agree to better than 2% fou
<40°. This normalization was achieved by taking simil
energy-loss spectra as in Fig. 1 at 200 eV, 25° and the im
energy of interest~in this case 30, 40, 50, 54.4, and 100 e!
at 25° for the same conditions in the H discharge source
can be readily shown, using parameters already define
Eq. ~1!, that
dsH~E0,25°!

dV
5

@dsHe~E0,25°!/dV#@dsH~200 eV,25°!/dV#THe~E0!TH~200 eV!l H
s ~E0!l He

s ~200 eV!

@dsHe~200 eV,25°!/dV#TH~E0!THe~200 eV!l He
s ~E0!l H

s ~200 eV!
, ~2!
ons
re-

he
i.e., the aim of the normalization is to determine the rationH

and nHe in Eq. ~1!. The additional factors in Eq.~2! which
must be determined areTH(E0), THe(E0), THe(200 eV), and
TH(200 eV). These are the transmission characteristics o
analyzer; here we make the assumption thatT(E0 ,DE)
he

>T(ER), whereER (5E02DE) is the residual energy of the
scattered electron, i.e., the detection efficiency of electr
by the analyzer is primarily dependent on the electron
sidual energy. This is reasonable, because Eq.~2! uses ratios
of intensities at the sameE0 value and thus suppresses t
1-4
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FIG. 2. ~a!–~d! Experimental relative DCS’s at variousE0 values for electron impact excitation of the He 11S→2 1S12 3P12 1P
levels. The He DCS’s used as a calibration standard at 30, 40, and 50 eV were obtained from a smooth polynomial fit~•••! to DCS’s of Refs.
@22# ~s! and@23# ~3! combined~with 5% relative error bars shown!, and atE05100 eV from~s! Refs.@24# and@25#. The CCC of Ref.@7#
~ ! is also shown. See text for discussion.
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influence of the incident electron beam profile on the m
surement ofdsH(E0,25°)/dV. This suppression is valid i
the analyzer is not retuned and the electron beam is st
during these measurements andu is held fixed, conditions
that are held in our measurements. TheT(ER) for variousER
was made with He alone by measuring elastic and inela
energy-loss spectra~for the summed He 21S12 3P12 1P
transitions! at E05200, 100, 75, 60, 50, and 40 eV at 25°
well as E0530 eV at 90°. These measurements were ta
01270
-

le

ic

n

with gas through the capillary tube~signal1background!,
and the same gas routed into the vacuum tank via a side
~background!. Theoretical elastic and inelastic He DCS’s@7#
at E05100, 75, 60, 50, and 40 eV andu525° and experi-
mental elastic@27# and inelastic @23# He DCS’s at E0
530 eV andu590° were used. This choice is made sin
we have observed that~during the course of this work! the
summed He 21S12 3P12 1P experimental DCS’s avail-
able show excellent agreement with the CCC at smalu
1-5
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,50°, but deviate from the CCC at large angles. We sh
this transmission function in Fig. 3. The resulting errors fro
this normalization procedure are 3% for the transmiss
function and an additional,2% for the statistical errors
compounded with cross sections used for He (21S12 3P
12 1P) and H (n52). The reproducibility of the measure
ment of the H DCS’s at the requiredE0 values was in the
region of65%, which demonstrates the stability of our a
paratus.

FIG. 3. Relative electron detection efficiencyT(ER) of the ana-
lyzer determined in absolute DCS normalization experiments.
line is an exponential fit used to interpolate the values ofT(ER) in
this work.
01270
w

n

IV. RESULTS

The RH/He and DCS values from our measurements
shown in Tables I and II, respectively. The sources of
perimental errors and their average values are itemize
Table III. These results are plotted and compared to ot
measurements in Figs. 4 and 5. Error bars are quoted to
standard deviation, i.e., to within a 68% confidence limit.

V. COMPARISON WITH EXPERIMENT AND THEORY

A. Ratios

In Figs. 4~a!–4~e! we show our measuredRH/He taken
from our electron-energy-loss spectra compared to the th
retical RH/He of Ref. @6# and @7# as well as the experimenta
values of Ref.@12# at E05100 eV. The theory is scaled up t
our results at smallu. This scaling at smallu stems from the
observation that the He DCS’s from the CCC deviate fro
the experimental values at larger scattering angles as sh
in Fig. 2. This effect will be discussed later on in this pap
In Fig. 4, general agreement ofRH/He between theory and
experiment is good, yet we observe significant large-an
deviation expected. AtE0530, 40, 50, and 54.4 eV we ob
serve that ourRH/He values tend to fall 20–30 % below tha
of the CCC. However, at 100 eV, agreement is excelle
indicating a problem with the theoreticalRH/He values at low
energies. This result is addressed in the sections follow

e

16
07
039
.026
.023
.019
.020
.019
.016
.015
.010
.011
.011
.010
.008
.008
.009
.007

0.011
0.006
0.007
0.007
0.007
0.008
6

TABLE I. RH/He values determined from the present experiment with associated errors.

Angle ~deg! 30 eV Error Angle~deg! 40 eV Error Angle~deg! 50 eV Error Angle~deg! 54.4 eV Error Angle~deg! 100 eV Error

12 7.91 0.90 12 2.87 0.28 10 3.62 0.30 10 2.49 0.23 5 1.88 0.
17 5.25 0.51 17 1.91 0.16 12 2.90 0.14 15 1.60 0.12 10 1.05 0.
22 3.92 0.35 22 1.31 0.10 15 2.67 0.09 20 1.18 0.07 15 0.745 0.
27 2.57 0.17 27 0.994 0.062 17 2.11 0.07 25 0.837 0.048 20 0.555 0
32 2.17 0.12 32 0.783 0.045 20 1.77 0.05 30 0.670 0.037 25 0.434 0
37 1.74 0.09 37 0.696 0.037 22 1.45 0.04 35 0.575 0.029 30 0.390 0
42 1.54 0.09 42 0.643 0.031 25 1.29 0.04 40 0.558 0.029 35 0.411 0
47 1.49 0.08 47 0.588 0.029 27 1.07 0.05 45 0.460 0.021 40 0.379 0
52 1.44 0.07 52 0.549 0.027 32 0.859 0.038 50 0.440 0.022 45 0.343 0
57 1.45 0.08 57 0.552 0.024 37 0.739 0.034 55 0.405 0.019 50 0.322 0
62 1.32 0.07 62 0.502 0.026 42 0.718 0.034 60 0.358 0.016 55 0.246 0
67 1.29 0.07 67 0.461 0.022 47 0.669 0.025 65 0.345 0.018 60 0.232 0
72 1.15 0.06 72 0.436 0.023 52 0.650 0.021 70 0.342 0.016 65 0.236 0
77 0.939 0.044 77 0.409 0.018 57 0.632 0.021 75 0.295 0.014 70 0.192 0
82 0.770 0.045 82 0.362 0.017 62 0.488 0.016 80 0.240 0.011 75 0.165 0
87 0.654 0.037 87 0.308 0.017 67 0.465 0.015 85 0.202 0.011 80 0.158 0
92 0.523 0.029 92 0.246 0.012 72 0.457 0.014 90 0.199 0.012 85 0.178 0
97 0.439 0.019 97 0.232 0.011 77 0.382 0.015 95 0.172 0.009 90 0.141 0
102 0.388 0.025 102 0.185 0.009 82 0.328 0.012 100 0.172 0.008 95 0.194
107 0.321 0.015 107 0.169 0.009 87 0.330 0.012 105 0.133 0.006 100 0.121
112 0.298 0.013 112 0.154 0.009 92 0.276 0.011 110 0.144 0.008 105 0.134
117 0.260 0.012 117 0.132 0.007 97 0.256 0.012 115 0.122 0.006 110 0.131
122 0.228 0.015 122 0.108 0.006 102 0.221 0.010 120 0.132 0.009 115 0.112
125 0.236 0.014 127 0.109 0.007 107 0.182 0.007 125 0.109 0.007 120 0.119

112 0.186 0.005 125 0.114 0.00
117 0.150 0.007
122 0.156 0.008
125 0.149 0.007
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TABLE II. Present determinations of the electron impact DCS’s for excitation of the H(12S)→H(2 2S12 2P) transitions. Numbers in
brackets denote powers of 10.

Angle
~deg! 30 eV Error

Angle
~deg! 40 eV Error

Angle
~deg! 50 eV Error

Angle
~deg! 54.4 eV Error

Angle
~deg! 100 eV Error

12 1.35@216# 2.3 @217# 12 1.26@216# 2.0 @217# 10 1.76@216# 3.0 @217# 10 1.78@216# 2.2 @217# 5 5.56@216# 8.6 @217#

17 6.08@217# 9.9 @218# 17 5.18@217# 8.1 @218# 12 1.16@216# 1.8 @217# 15 6.10@217# 6.7 @218# 10 1.19@216# 1.7 @217#

22 3.11@217# 4.9 @218# 22 2.25@217# 3.4 @218# 15 7.44@217# 1.1 @217# 20 2.30@217# 2.3 @218# 15 3.19@217# 4.4 @218#

25 2.07@217# 2.5 @218# 25 1.51@217# 1.8 @218# 17 4.52@217# 6.9 @218# 25 8.39@218# 6.6 @219# 20 8.94@218# 1.2 @218#

27 1.37@217# 2.0 @218# 27 1.01@217# 1.5 @218# 20 2.68@217# 4.1 @218# 30 3.59@218# 3.5 @219# 25 2.60@218# 3.6 @219#

32 7.99@218# 1.1 @218# 32 4.97@218# 7.1 @219# 22 1.75@217# 2.7 @218# 35 1.77@218# 1.7 @219# 30 1.07@218# 1.5 @219#

37 4.35@218# 6.1 @219# 37 2.87@218# 4.0 @219# 25 1.12@217# 1.6 @218# 40 1.09@218# 1.0 @219# 35 6.51@219# 8.9 @220#

42 2.75@218# 3.9 @219# 42 1.91@218# 2.6 @219# 27 7.44@218# 1.2 @218# 45 6.51@219# 5.9 @220# 40 3.78@219# 5.2 @220#

47 2.16@218# 3.0 @219# 47 1.37@218# 1.9 @219# 32 3.60@218# 5.6 @219# 50 5.02@219# 4.7 @220# 45 2.42@219# 3.3 @220#

52 1.71@218# 2.4 @219# 52 1.08@218# 1.5 @219# 37 1.97@218# 3.1 @219# 55 4.02@219# 3.7 @220# 50 1.84@219# 2.5 @220#

57 1.51@218# 2.1 @219# 57 9.60@219# 1.3 @219# 42 1.29@218# 2.0 @219# 60 3.21@219# 2.9 @220# 55 1.21@219# 1.6 @220#

62 1.26@218# 1.8 @219# 62 7.90@219# 1.1 @219# 47 8.82@219# 1.4 @219# 65 2.84@219# 2.7 @220# 60 9.98@220# 1.4 @220#

67 1.19@218# 1.7 @219# 67 6.67@219# 9.2 @220# 52 7.15@219# 1.1 @219# 70 2.59@219# 2.4 @220# 65 8.97@220# 1.2 @220#

72 1.07@218# 1.5 @219# 72 5.96@219# 8.4 @220# 57 6.13@219# 9.4 @220# 75 2.05@219# 1.9 @220# 70 6.39@220# 8.9 @221#

77 9.14@219# 1.3 @219# 77 5.29@219# 7.3 @220# 62 4.26@219# 6.6 @220# 80 1.54@219# 1.4 @220# 75 4.89@220# 6.8 @221#

82 7.92@219# 1.1 @219# 82 4.57@219# 6.3 @220# 67 3.70@219# 5.7 @220# 85 1.21@219# 1.1 @220# 80 4.18@220# 5.8 @221#

87 7.20@219# 1.0 @219# 87 3.90@219# 5.5 @220# 72 3.38@219# 5.2 @220# 90 1.13@219# 1.1 @220# 85 4.06@220# 5.6 @221#

92 6.09@219# 8.6 @220# 92 3.12@219# 4.3 @220# 77 2.65@219# 4.1 @220# 95 9.37@220# 8.8 @221# 90 2.78@220# 3.8 @221#

97 5.44@219# 7.5 @220# 97 2.99@219# 4.1 @220# 82 2.16@219# 3.3 @220# 100 9.09@220# 8.4 @221# 95 3.48@220# 4.9 @221#

102 5.10@219# 7.4 @220# 102 2.44@219# 3.4 @220# 87 2.08@219# 3.2 @220# 105 6.93@220# 6.4 @221# 100 1.98@220# 2.8 @221#

107 4.45@219# 6.2 @220# 107 2.29@219# 3.2 @220# 92 1.68@219# 2.6 @220# 110 7.40@220# 7.0 @221# 105 2.07@220# 2.9 @221#

112 4.40@219# 6.0 @220# 112 2.17@219# 3.1 @220# 97 1.52@219# 2.4 @220# 115 6.18@220# 5.7 @221# 110 1.87@220# 2.6 @221#

117 4.06@219# 5.6 @220# 117 1.93@219# 2.7 @220# 102 1.29@219# 2.0 @220# 120 6.57@220# 6.7 @221# 115 1.42@220# 2.0 @221#

122 3.79@219# 5.5 @220# 122 1.65@219# 2.3 @220# 107 1.04@219# 1.6 @220# 125 5.35@220# 5.5 @221# 120 1.40@220# 2.0 @221#

125 4.10@219# 5.9 @220# 127 1.69@219# 2.4 @220# 112 1.06@219# 1.6 @220# 125 1.21@220# 1.7 @221#

117 8.52@220# 1.3 @220#

122 8.87@220# 1.4 @220#

125 8.48@220# 1.3 @220#
,
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this one. Comparison atE05100 eV with theRH/He values of
Doering and Vaughan@12# ~which have larger error bars
615%, and show considerable scatter! shows that their mea
surements are in reasonable agreement with ours at s
angles. However, theirRH/He at u590° and 120° are over a
order of magnitude larger than the present measuremen

B. DCS’s

In Figs. 5~a!–5~e!, we plot our DCS’s in comparison to
the CCC @6# and the distorted-wave~DW! calculations of
Madison @26#. At E05100 eV there also exists a 17-sta
close-coupling calculation of Wanget al. @28#, which is in
excellent agreement with the CCC at less than 2% across
01270
all

.

he

complete range ofu and has thus been omitted for the sa
of duplicity and clarity in the plots.

At E0530 eV@Fig. 5~a!#, we observe excellent agreeme
with the CCC as demonstrated by a~reduced-chi-squared! xv

2

of 0.34. The reason for this ‘‘overestimation’’ is due to th
fact that the normalization shifts the entire relative cur
~69.5%!, and so each data point is not independen
615.5% in uncertainty. Comparison with the DWBA@28#
shows that the DWBA is clearly in disagreement with t
present results by as much as 60% at large angles, i.e.,
outside of the error bars. However, the DWBA is a
intermediate-to high-energyE0 theory, and is not expected t
be reliable at thisE0 . In Figs. 5~b! and 5~c! the agreement
with the CCC remains excellent, and there is better agr
TABLE III. Summary of % errors encountered in this experiment~errors are 1 standard deviation, or 68% confidence limits!.

E0

~eV!
Statistical
and fitting

Gas beam
stability

Background
fraction

He
standard

Ratio
error

Relative
DCS error

Trans.
error

Norm.
error

Total
error

30 1.6 3.0 4.1 5 6.0 9.5 3.0 13.8 15.6
40 2.0 2.5 2.5 5 4.1 7.6 3.0 14.9 16.2
50 2.3 2.5 1.8 5 4.0 7.5 3.0 14.3 15.6
54 1.8 2.5 2.0 0 6 6.6 3.0 10.5 11.1

100 1.8 2.5 1.7 9 5.4 11.1 3.0 12.1 15.5
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FIG. 4. ~a!–~e! Plots of RH/He

values~Table I! determined from
the present experiment~s!. For a
discussion of errors see text, an
for a summary of errors see Tabl
III. In all cases, comparison with
the results of the CCC~——!, us-
ing Refs.@6# and@7#, is made. The
experimentalRH/He of Ref. @12# at
E05100 eV ~n! are also shown.
l
-

w

C

ment with the DWBA. In Fig. 5~d!, at 54.4 eV, experimenta
He DCS’s for then52 levels were not available. In conse
quence we have normalized ourRH/He values to the CCC for
He, as discussed earlier. We note very good agreement
the CCC at smallu, but this agreement gets worse asu in-
01270
ith

creases, falling lower by as much as 40% atu'120°. The
lower values of our results possibly indicate that the CC
DCS’s for He (n52) may be low at largeu, a fact which is
illustrated in Fig. 2, where it is compared to experiments@see
especially Fig. 2~c!, E0550 eV#. From this observation, we
1-8
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FIG. 5. ~a!–~e! Absolute elec-
tron impact DCS’s for excitation
of the H(1 2S)→H(2 2S12 2P)
transitions determined from this
work ~s! compared to the presen
CCC ~——! @6# and DWBA ~---!
@26#. At E0554.4 and 100 eV the
experimental DCS’s of Ref.@11#
~3! and @12# ~n! are also shown.
See text for discussion
Note: The 54.4 eV DCS’s are
obtained via calibration with a
theoretical standard@7#. See text
for discussion.
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infer that the CCC may possibly not have converged
electron-He DCS’s as it has for H. We also observe that
absolute DCS’s of Williams and Willis@11# are in disagree-
ment with the CCC, but in excellent agreement with t
DWBA. At E05100 eV, where we have calibrated our da
to experimental He DCS’s~as atE0530, 40, and 50 eV!, we
observe excellent agreement between the present DCS’s
the CCC. We observexv

2 values of 0.61 with the CCC an
1.14 for the DWBA. However, even at this level of clos
ness, we can still discriminate between the better agreem
of the CCC and the DWBA with the present DCS’s. We no
that at smallu, the DWBA and the CCC are in excellen
agreement with each other, within 10% uncertainty. Co
parison with the available DCS measurements of Willia
and Willis @11# and Doering and Vaughan@12# at 100 eV
shows that their DCS level at large scattering angles
apart from being sparse fall in disagreement with both th
ries. The DCS’s measurements of Doering and Vaughan@12#
rise considerably more steeply at the large scattering ang
and disagree with both the Williams and Willis@11# and the
present values by as much as an order of magnitude.
small-angle DCS’s of Doering and Vaughan@12# are, how-
ever, in good agreement with the present measurements

VI. CONCLUSIONS

In conclusion, using a high intensity and stable source
H, we have measured accurate relative DCS’s for elec
impact excitation of the H~2 2S12 2P) level from the
ground state. Our experiment uses the method of mixtu
with the calibration of our H (n52) scattered electron inten
sities using available inelastic DCS standards in He. T
DCS’s results have error bars which average 7.5–11 %~rela-
tive! and 15.5–16 %~absolute! and show that the CCC
theory is very accurate for the electron-H scattering proble
Our results support the electron-photon coincidence m
surements of the Newcastle group@1#, which ~similarly to
our DCS’s! are in better agreement with the CCC@6# than
the DWBA @26#, but do not support those of the Maynoo
group @8#, which are~instead! in better agreement with th
DWBA @26# results than the CCC@6#. However, this obser-
vation is limited since we measure DCS’s and not cohere
and correlation parameters.

The present measurements are useful in the follow
ways.
tt.
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~i! They open up possibilities for measuring accurate
elastic ~and possibly elastic! DCS’s using the CCC H (n
52) as a calibration standard. We are considering imp
menting this method to measure absolute DCS’s for ot
atomic~e.g., Ne and Ar! and dissociatable molecular targe
~e.g., N2, CO, O2, and H2O). The molecular targets will be
mixed with the H atoms in a baffled post-discharge reg
before exiting the gas needle. The H calibration standard
be especially useful at values belowE0521 eV, where He
inelastic standards cannot be applied. We are also cons
ing schemes by which absolute DCS’s could be determi
using this method in conjunction with the relative flow tec
nique @29#, but without the restriction of knowing the ga
beam profiles. This should open possibilities for making
liable and accurate inelastic DCS’s.

~ii ! This work also indicates that the CCC may not ha
converged for electron-He scattering. Our experiments sh
that there are major disagreements between the CCC fo
and existing experimental DCS’s atu.60°. Comparison be-
tween the CCC@6,7# with our RH/He values as well as with
existing experimental absolute He (n52) DCS’s shows that
the CCC may not have converged for He at large scatte
angles. Very recently~during the writing of this paper!, Cu-
bric et al. @30# pointed out this large-angle disagreeme
between the CCC and experiments in He f
He~2 3S,2 1S,2 3P), although these measurements were n
malized to the He~2 1P) DCS’s from the CCC itself. Such
observations suggest that a detailed study of precision r
tive or absolute He DCS’s will be very useful in pointing o
where the CCC theory may need to be refined for He a
calibration DCS standard. This investigation is currently o
going in our laboratory.

ACKNOWLEDGMENTS

This work was funded by grants from the National S
ence Foundation~Grant Nos. NSF-RUI-PHY-9511549 an
NSF-RUI-PHY-9731890!. The authors acknowledge Profe
sor Don Madison for providing the tabulated DWBA DCS
used in this work. One of the authors~M. A. K.! acknowl-
edges the invaluable technical help of Hugo Fabris, Jo
Meyer, and David Parsons as well as additional laborat
support from Daniel Mathews and Gary Mikaelian.
.

.

@1# H. A. Yalim, D. Cvejanovic, and A. Crowe, Phys. Rev. Le
79, 2951~1997!.

@2# A. Zecca, G. P. Karwasz, and R. S. Brusa, Riv. Nuovo
mento19, Series 1, No 3, 129~1996!.

@3# D. M. Crowe, X. Q. Guo, M. S. Lubell, J. Slevin, and M
Eminyan, J. Phys. B23, L325 ~1990!.

@4# M. A. Khakoo, D. Roundy, and F. Rugamas, Phys. Rev. L
75, 41 ~1995!.

@5# B. P. Donnelly, D. T. McLaughlin, and A. Crowe, J. Phys.
27, 319 ~1990!.

@6# I. Bray and A. Stelbovics, Phys. Rev. A46, 6995~1992!.
-

t.

@7# D. V. Fursa and I. Bray, Phys. Rev. A52, 1279~1995!.
@8# R. W. O’Neill, P. J. M. van der Burgt, D. Dziczek, P. Bowe, S

Chwirot, and J. A. Slevin, Phys. Rev. Lett.80, 1630~1998!.
@9# A. Crowe ~private communication!.

@10# L. B. Madsen and K. Taulbjerg, Phys. Rev. A52, 2429~1995!.
@11# J. Williams and B. A. Willis, J. Phys. B10, 1641~1975!.
@12# J. P. Doering and S. O. Vaughan, J. Geophys. Res.91, 3279

~1986!.
@13# J. F. Williams, J. Phys. B8, 2191~1975!.
@14# T. Shyn and A. Grafe, Phys. Rev. A46, 2949~1992!.
@15# M. A. Khakoo, M. Larsen, B. P. Paolini, X. Guo, I. Bray, A
1-10



, J

y,

s,

. B

er-

ter,

, J.

. A

A

F.

ELECTRON-IMPACT EXCITATION OF THE . . . PHYSICAL REVIEW A 61 012701
Stelbovics, I. Kanik, and S. Trajmar, Phys. Rev. Lett.82, 3980
~1999!.

@16# M. A. Khakoo, D. Roundy, and F. Rugamas, Phys. Rev. A54,
4004 ~1996!.

@17# J. H. Brunt, G. C. King, and F. H. Read, J. Phys. B10, 1289
~1977!.

@18# B. Paolini and M. A. Khakoo, Rev. Sci. Instrum.69, 3121
~1998!.

@19# M. A. Khakoo, C. E. Beckmann, S. Trajmar, and G. Csanak
Phys. B27, 3159~1994!.

@20# Model 203, Variable Leak Valve, Granville-Phillips Compan
675 Arapahoe Avenue, Boulder, CO 80303-1398.

@21# N. Chan, D. M. Crowe, M. S. Lubell, F. C. Tang, A. Vasilaki
F. J. Mulligan, and J. Slevin, Z. Phys. D10, 893 ~1988!.

@22# J. Roder, H. Ehrhardt, I. Bray, and Dmitry V. Fursa, J. Phys
29, L421 ~1996!.
01270
.

@23# R. I. Hall, G. Joyez, J. Mazeau, J. Reinhardt, and C. Sch
mann, J. Phys.~Paris! 34, 827 ~1973!.

@24# D. C. Cartwright, G. Csanak, S. Trajmar, and D. F. Regis
Phys. Rev. A45, 1602~1992!.

@25# S. Trajmar, D. F. Register, D. C. Cartwright, and G. Csanak
Phys. B25, 4889~1992!.

@26# D. Madison, I. Bray, and I. E. McCarthy, J. Phys. B24, 3861
~1991!; D. Madison~private communication!.

@27# D. F. Register, S. Trajmar, and S. K. Srivatava, Phys. Rev
21, 1134~1980!.

@28# Y. D. Wang, J. Callaway, and R. Unnikrishnan, Phys. Rev.
49, 1854~1994!.

@29# J. Nickel, P. Zetner, G. Shen, and S. Trajmar, J. Phys. B22,
730 ~1989!.

@30# D. Cubric, D. J. L. Mercer, J. M. Channing, G. C. King, and
H. Read, J. Phys. B32, L45 ~1999!.
1-11


