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Normalized experimental differential cross sections for the electron impact excitation of®e-2 2S
+2 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=B)(and He
(n=2) levels are measured using electron-energy-loss spectroscopy. These intensity ratios are normalized to
available, accurate, experimental excitation differential cross sections fan:H2)[except at 54.4 eV, where
theoretical He (=2) differential cross sections are uged obtain relative differential cross sections for
electron impact excitation of the HhE&2) manifold. The relative Hi{=2) 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=2] and He (=2) differential cross
sections at this energy and scattering angle. Comparisons with available calculations and measurements are
made.

PACS numbe(s): 34.80.Dp

[. INTRODUCTION [9]). The 12S—2 2P transition of H is easily radiation-
trapped even at very low H-beam densities. This effect
There exists a long-standing discrepancy between theomnakes such coincidence measurements in H restricted to low
and experiment in electron-atom collision physics, regardindgarget beam densities, thus making experimental signal rates
differential electron scattering from H at large electron scatand accumulated statistics low. At present, there are also
tering angles; this constitutes the most important problensome uncertainties about the reliability of the CCC for pro-
that needs to be solved in collision physics at the presentiding highly accurate scattering amplitudes for electron-H
time [1]. Experimental electron impact excitation data for scattering as it does for electron-He scattering. A popular
tests of electron scattering models are available in the formargument which supports this is that H has considerably
of differential cross sections, coherence and correlation medaigher dipole polarizability (0.6%10 *°m® than He (0.2
surements(electron-photon coincidence, polarized-electronx 10-3°m® [2,10]. This long-range polarization potential
scattering asymmetrigsand emission cross sections. Theincreases the number of partial waves required for the con-
reader is referred to the recent reviews of Zeetal.[2] for ~ vergence of scattering models and could thus give additional
cross-section measurements and also Cretval. [3] for difficulties for the CCC in H as compared to He. This query
electron-photon coincidence studies in H. In the pasthas not been clarified experimentally for H differential cross
electron-photon coincidence measuremgid,5 in H and  sectiongDCS’s), where the situation fog~ + H scattering is
He have provided tests of the existing convergent closeunsatisfactory. AE,=54.4 eV, some discrepancies exist be-
coupling calculationgCCC) of Bray and Stelbovic§6] and  tween the H 1=2) DCS’s of Williams and Willis[11] and
Fursa and Bray7] for electron-H and electron-He scattering. the CCCJ6]. There is some concern &,=54.4eV when
However, while these data provide details of inaccessiblene compares the William and Willis DCS's to those of the
cross sections, scattering amplitudes, and phases, the uncefeC here because the disagreements between the CCC and
tainties in these difficult and time-consuming measurementgyilliams and Willis’ data exceed 25%our standard devia-
are typlcally in the region of 15—-20%. More recently, the tions) in p|aces_ AtEoz 100 eV aboved>80°, the H (’]
Maynooth group8] has carried out electron-photon coinci- =2) pCS's of Williams and Willis exceed the CCC by
dence measurements of the excitation of the F81:2 °P  greater than a factor of 2. At thig, there also exist DCS's
transition at the well-studied incident electron enerBy)(of  taken by the John Hopkins grodip2] using the method of
54.4 eV. Their experiment employed a linear “polarization- mixtures (a supersonic H source was seeded with He as a
correlation” analysis of the coincident Lyman-photons,  calibration standaidfor the electron impact excitation of the
and their results for the reduced Stokes param@®yr,show H (n=2) manifold. These DCS’s show severe disagree-
significant differences with the CCC around 90° scatteringments with the CCC a# above 90°, by a factor of greater
angle. This is in disagreement with the recent electronthan 4. These disagreements are possibly due not only to the
photon “angular-correlation” measurements of the New-significant experimental problems in working wittissoci-
castle groug 1], which show excellent agreement with the ateg atomic hydrogen beams, but also in the systematic un-
CCC (when converted into the reduced Stokes paranfé®er certainties in such experiments which dominate in the pro-

1050-2947/99/6(1)/01270111)/$15.00 61012701-1 ©1999 The American Physical Society



M. A. KHAKOO et al. PHYSICAL REVIEW A 61 012701

cess of normalizing inelastic scattering intensities to elastic Il. EXPERIMENTAL APPARATUS
scattering DCS’s in these experiments. Conventionally, elas-
tic scattering cross sections in sueh+H collision experi-

ments are obtained by the discharge modulated-beam meth
[13], where it is assumed that the concentration of excite

Our apparatus has been discussed previo(sie Ref.

166] and the references thergiso only a brief summary will
e given here. The atomic beam is generated by a capillary
(metastablg state H species is negligible. Because of this,needle’ and made to cross a mpnochromatlc beam of elec-
1Jfrons produced by a single-hemispheric electron gun of an

the number density of atoms/molecules in discharge on/o . . .
electrostatic electron spectrometer in a conventional crossed

conditions in the target region is related by a simple formmabeam-beam configuration. This experiment was previously

containing the dissociation fraction, the masses of the SP&.cad for electron-photon coincidence studi€], in which

cies, and the temperature for the discharge on/off condition%0 reduce the detection of metastable He atoms by an open

However, the elastic eIectror_1 scattering signal can b‘?/UV photon detector the gas jet was angled at 45° to the
plagued by background from primary beam electrons reﬂeCtécattering planéaway from the VUV detector it was left in
ing (elastically from surfaces around the collision region,

. L . . . fhis position for this experiment. Scattered electrons were
making the determination of the elastic scattering signa ! :
energy-analyzed by the spectrometer’s electrostatic analyzer

prone to systematic errors. Further, beams of H are generated

from dissociation of H and thus always contain an,ldom- as a function of energy IOS!.BE and_ scattering anglé. The
ponent. This H fraction has to be precisely known in order spectrometer performed with typical currents -80.2-0.3

nA and with an energy resolution of 170—-200 méfll

to determine elastic scattering from H alone. The determinawidth at half-maximum (FWHM)]. This spectrometer is

tion of H:H, ratios in the target beams used in these experigiapie over very long periods- 1 yeay. The unit is baked at

ments makes .them difficult in o.rd.er to be accurate. That such, 110-120°C to maintain stability against oil contamina-
problems(outlined abovg are difficult to work around can  ion. It is enclosed in a double mu-metal shield which re-
be gauged from the disagreements between exigtingH  gyced the Earth’s magnetic field below 5 mG. Its data acqui-
elastic scattering DCS measuremefrit3, 14. sition and control system is computerizéangle settings,
The experimental method of gas mixtures does not havenultichannel sweep, pressure monitoring, Jetthus allow-
the problems encountered in the conventional modulatedng for the continuougovernighi and hence efficient collec-
beam method. In this method the H beam is mixed with artion of data. The angular resolution of the spectrometer is
inert gas whose inelastic cross sections are accurately knowh5° (FWHM) and the location of the angles is withinl.0°.
(i.e., a standard targetBy monitoring the energy-loss fea- Finally, its contact potential was measured using the elastic
tures of H and the standard target, it is possible to measurgcattering 22S resonance in He at 19.36®.005eV[17]
inelastic cross sections where one monitors only inelasticallpnd was found to be in the range of 0.65-0.8 eV. Our inci-
scattered electrons. By only monitoring inelastically scat-dent energy is therefore accurate to approximatelyl eV.
tered electrons, one can separate ¢he-H from the e~ For our gas source, we have used a recently developed,
+H, inelastic featuregor for that matter H/H and the stan- inter?se,. and very stable H source that is detailed_in a'recent
dard gas targgtusing electron-energy-loss spectroscopy.pUb|'Cat_'on[ls]- The H source is an extended_ cavity micro-
This mode of operation also reduces the pernicious effect off@ve discharge of 99.999% purity,Hoperating at 2450
background electrons from the collision region. This alsoHZ, which utilizes Teflon tubing to conduct the atoms to

provides an alternative method for obtaining accurate inelast—he .CO||IS'IOI’1 region, where the tubmg IS termlnated by a
tic DCS's for electron scattering from H. As mentioned, this _out_3|de-5|lvered _glass neec([e_5-mm mter_nal diametgrbut

. . - inside-coated with Teflon using a solution of Teflon FEP,
method has been employed by the John Hopkins Unlvers% . .

. . rovided to us by the Dupont compang8]. This source
group[12]. However, their results also show severe d'sagreeéperates with a high H/Hdissociation fraction of 85%un-
ment with those of the CCC and Williams and Wil[ig1]. der : L : : .

L : . presently optimum conditiopdn this work typical dis

On reexamination, we realized that this method should worky, iation fractions ranged from 75% to 80%. This fraction is
well provided the gases were well-mixed and effusively in-gap1e over periods exceeding a month. Typically, a mixture
troduced into the target regiqequal mean free pathsAd- ranging from a 0.5:0.5 to 0.6:0.4y pressurgof H, to He
ditional observations that background electron scattering sigyas used, and was introduced into the discharge tube
nals in inelastic scattering channels were significantly lowegnrough separate precision leak valves. At the working pres-
than corresponding backgrounds in the elastic scatteringyre (typically 0.5 Torr of H+He), the experimental back-
channel encouraged us to make a new attempt at measuriggound pressure increased from a base &f18 8 to 1.6
H (n=2) DCS’s using the method of mixtures. x 10" ® Torr. The discharge was allowed to stabilize over-

In this paper, we present measurements of normalizedight and was checked for stability by monitoring electron
DCS’s for excitation of then=2 manifold of H via the energy-loss spectra with the electron spectrometer. The pres-
method of mixtures. Here we use existing accuratesure fluctuation of the discharge during the entire experiment
electron-He inelastic experimental DCS’s as our calibrationfor H and He togetherdid not exceed 2% as measured
standard for relative DCS’s and accurate and consigent upstream of the discharge using a temperature-stabilized ca-
+H ande™ +He theoretical DCS’s as our absolute calibra-pacitance manometer. We noticed that during the course of
tion standards. This paper is also a full version of a lettedata measurements, the dischafgkaracteristically bright
published earlief15]. red) would suddenly turn pink and result in a complete loss
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Q00— T ing normal operation, we were able to reproduce spectra very

s H+Hy+He He 2°S) He 2°P) 1 accurately and easily to within 3% uncertainty across the
o spectrum of H and He.

300 50 eV, 102 , |He(2'P) ]

‘2 250 g 2%s+2%p) Jump | He %) J ] lll. EXPERIMENTAL METHOD

= 2000 . '

8 » Our measurements were made in two stages. The first
150

stage involved the determination of relative DCS’s for exci-
tation of the H i=2) manifold. The second stage involved

100
] the normalization of the relative DCS’s to absolute values.

50,

0
A. Relative DCS measurements

Energy Loss (eV)

First, data which were comprised of electron-energy-loss
FIG. 1. Typical electron-energy-loss spectrum of #é+H,  SPectra coveringsimultaneously the energy-loss range of
taken atE,=50eV andf=102° from this experiment. Pertinent 9-7—12.2 eV[H (n=2) feature$and 19.5-22.0 eVHe (n
energy-loss features are labeled and the(fisavy solid linesto = 2) featuregwere taken in continuous scans and scattering
unfold the data are shown. See text for details. angles in the range of 10°-127° in 5° intervals. A typical
spectrum is shown in Fig. 1. Spectra were taken in a quasi-
of H. This loss of H would last from 30 min to 1 h. When the random sequence, and angles were repeated in most cases at
source returned to its bright red color, the dissociation releast in triplicate to check reproducibility or to improve sta-
verted quickly (within a few minute$ to its normal value. tistics. Such spectra were taken at g values of 30, 40,
The reason for this instability is not understood, but it is50, 54.4, and 100 eV. The ratiy, of the scattering inten-
correlated with the presence of He in the discharge tube. ities for the energy-loss feature for the3—2 2S+2 2P
could be possibly due to a change in the surface of the didevels of atomic hydrogen and the summedS-2 'S
charge induced by the He for a short period of time due to+2 3P+2 *P levels of He was determined from each
metastable degradation of the surface or some other chemicaihergy-loss spectruigsee Fig. 1 This ratio is related to the
reaction of the He with the discharge glass wall. In any caseespective DCS’s do/d(})/of the H and He inelastic fea-
data taken under these conditions were rejected. On resurtures by

do
T(Eq,AEL) I ony(1AQqg) E[H(Z 25+2 2P)]
RH/He( EOra): dG' 1 (1)
T(EO,AEHe)IOnHe(IAQeﬁ)E[He(Z 1s+23%P+21P)]

wherel, is the incident electron curremy andnye are the  gas-handling systerfr=1 m). The ratioRy in Eq. (1) then
respective average number densities for H and He in th@ecomes directly proportional to the DCS ratio of the two

collision region, and (A Q) is the “effective” overlap of  ya5es, which are related to their respective scattering inten-
the electron beam through the gas befnand the spectrom-  giiag by the ratio ofny and nye and T(Ey,AE,) and

eter analyzer acceptance view coné). (do/dQ)[H(2 %S T(Ey, AE ; ,
2 1 3 1 0,AEpe). Thus, relative DCS's for the unknown gés
+2 P)] and §d"’d9)[!*e(.2 S+2°P+27P)] are the re- jn our cas¢ may be determined from relative DCS'’s of the
spective DCS'’s for excitation of the above-mentioned H an talibration gagHe in this experimentusing Eq.(1)
He levels of interest from their respective ground states. The proper implementation of the method 6f rﬁixtures de-

T(Eq,AE) is the transmission efficiency of the electron de- q | fact hich list. togeth ith
tector for the different energy-loss electrons for the excitaPENUS ON Several faclors which we now ist, together wi

tion of H (=AE,) and He EAE,), relative to the elastic thei_r handling in our experiment. .
(AE=0) energy loss. (i) The electron-energy-loss spectra of the mixture do not

The effect utilized in the method of mixtures is that the Interfere with each other, so that pertinent, individual spec-
term (AQ.q) in Eq. (1) is nearly identical for both gases; tral features can .be |solatgd. This is clearly the case for the
since the gases are well-mixed, the collisional mean free patf¢atures in question hetig. 1) where the H (=2) fea-
of both species is the same. The complete gas mixing igres are sited on a smooth H °3 | continuum and the He
ensured in the configuration here since the mean free path ¢h=2) features lie on a flat H/iHonization continuum. Both
the gases4 10 “m) is much shorter than the length of the H and He @=2) features can consequently be separated

012701-3



M. A. KHAKOO et al. PHYSICAL REVIEW A 61 012701

easily from other background features. In this work, the in- (v) Accurate relative DCS’s need to be available for the
tensities of the relevant energy-loss features were determinesiandardizing gas. The DCS’s for the summedSt-2 S

by using a spectrum-fitting code which has been developed-2 3P+ 2 P transitions in He were taken &,=30, 40,

in our laboratory{19]. The instrumental profile used in this gnd 50 eV from a recent experiment of Rodral. [22]
code was that of the Hn(=2) energy-loss feature, after a (=59 relative, which is in excellent agreemertithin
linear background was subtracted from it. This instrumentak-504) with the very early measurements of Hetl al. [23]
profile was used to fit the He features located on a smoothyncertainties of-5% relative and+15% absolute; see, e.g.,
H/H, ionization continuum. The continuum could be ad-Fig 2) and in reasonable agreeménithin +10% relative
equately Qescribed by a polyr_mmial of up to second ordefy;ith the measurements of the JPL-LANL gro(ip4,25.
although in most caseespecially at largeE, values @ o yever, the Rodeet al. measurements constitute separate

firs(t_—_())r_lqre"ra ;]Blglyn;rgi;nll S’[ﬂﬁsﬁtdétoms i the mixture is stable. €/live measurements for the'$—2 'S, 2 3p, 2 !P tran-
I W st N e mixIUTe IS stab'e, sitions. Therefore the ratios of the®:2 3P:2 1P in this

which implies a stable H source, i.e., that the dissociatiorbata set were established using thd<2 3P 2 1P ratios
fraction of H in the source is constant. This is also the casg . - pCs's of Hallet al [23]g(interpolatéd by a poly-

fboer tr:Z dpées\?grt Zégg:}'?aint’i(z\ém?irfa[l‘;?swolgﬁ\éﬁglngaxﬁhczlﬂgomiaI least-squares fit where necessary, and averaged over
y cattering angles of 20° to 120°At E,=100eV, we used

estimated 2% stability in the mixture, based on observe ) 1 3 1 )
ratios as well as pressure stability of the discharge. To ensurcge DCS's for the summed 152 'S+2 *P+2 'P transi-

stable operation, only metal tubézopper mainlyor Teflon 1'% %A B0 KL B RN FEER AE D
tubes(inside the vacuum chambewere used to handle the y P ) 9

as. The gases were regulated into the discharge us;inment between the CC{7] and the experimental He DCS'’s
gas. 9 g g large scattering angles. This will be discussed in more

double-stage gas regulators with all metal diaphragms an etail in Sec. VA concerning the He 52 1S+2 3P

bakeable precision leak valvgz0]. +2 1P standard. AE,=54.4 eV we employed the CCC He

(i) The transmission of the electron analyzer remainecbcs,s of Fursa and Bra§7] for our calibration standard

constant d.urmg th_e course of the. experiment. This was ®because there exist no inelastic experimental DCS’s avail-
sured in this experiment hyot retuning the electron analyzer ble for He atE.—54.4eV to enable us to normalize our
O_ .

during the course of the experiment, and keeping the syste .
heatedsee Sec. )Ito stabilize the lens’ surfaces. The results " H/He values at this energy
of these actions enabled us to successfully reproduce cross-
section ratios.

(iv) Electron scattering from background gas in the
vacuum tank can be accurately measured or is negligible.
This is especially a problem with H since it only partially  In the next stage our relative HhE2) DCS'’s were nor-
recombines with the walls of the vacuum taffl] and is  malized to the mean theoretical values for thert+=@) DCS
thus present in the background. The inelastic, backgroundalculated from the distorted-wave Born approximation
electron scattering signal from He was measured for a rangd@WBA) [26] and the CC(6] at 200 eV and 25°. Thedg,
of #from 5° to 120°, at the differer, values. We observed and 6 were chosen because whereas these models are differ-
that it maximized to approximately 10% at smélldepend- ent approaches, they both agree to better than 2%¢6for
ing on theE, value, i.e.,0<20° atE;=30eV andd<5° at  <40°. This normalization was achieved by taking similar
E,=100eV) and reduced to less than 2% at lageNot  energy-loss spectra as in Fig. 1 at 200 eV, 25° and the impact
knowing the exact contribution of H, we have conservativelyenergy of interestin this case 30, 40, 50, 54.4, and 100)eV
added the full uncertainty in the He background to our re-at 25° for the same conditions in the H discharge source. It
sults, assuming on the outside limit that the background erean be readily shown, using parameters already defined in
rors are the same for both gases. Eq. (1), that

B. Normalized DCS measurements

don(Eo25°)  [doyel Eq,25°)/dQ][dory(200 eV,259/d0 T e Eq) T(200 V)15 (Eo)l§ie(200 eV)
a [done( 200 eV,259/dQ ] Tr(Eq) Te( 200 eV 5,(Eq)15,(200 €V) ’

)

i.e., the aim of the normalization is to determine the ratio  =T(Eg), whereEg (=Ey— AE) is the residual energy of the
andnge in Eqg. (1). The additional factors in Eq2) which  scattered electron, i.e., the detection efficiency of electrons
must be determined aBy(Egp), Tro(Eo), The(200eV), and by the analyzer is primarily dependent on the electron re-
Tn(200eV). These are the transmission characteristics of theidual energy. This is reasonable, because(Bquses ratios
analyzer; here we make the assumption tR4E,,AE) of intensities at the samg, value and thus suppresses the
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FIG. 2. (a—(d) Experimental relative DCS’s at variolg, values for electron impact excitation of the He'3—2 1S+2 3p+2 1p
levels. The He DCS's used as a calibration standard at 30, 40, and 50 eV were obtained from a smooth polyftemtal BICS'’s of Refs.
[22] (O) and[23] (X) combined(with 5% relative error bars showrand atE,= 100 eV from(O) Refs.[24] and[25]. The CCC of Ref[7]
(—) is also shown. See text for discussion.

influence of the incident electron beam profile on the meawith gas through the capillary tubsignah-background
surement ofdoyy(E(,25°)/d€). This suppression is valid if and the same gas routed into the vacuum tank via a side leak
the analyzer is not retuned and the electron beam is stabl®ackground Theoretical elastic and inelastic He DC$A
during these measurements afds held fixed, conditions at E,=100, 75, 60, 50, and 40 eV artt=25° and experi-
that are held in our measurements. Ti{&R) for variousEgr =~ mental elastic[27] and inelastic[23] He DCS’s atE,

was made with He alone by measuring elastic and inelastie- 30 eV and#=90° were used. This choice is made since
energy-loss spectréior the summed He 2S+2 3P+2 P  we have observed thatluring the course of this woykhe
transitions at Eq= 200, 100, 75, 60, 50, and 40 eV at 25° assummed He 2S+2 3P+2 P experimental DCS’s avail-
well asEy=30eV at 90°. These measurements were takemble show excellent agreement with the CCC at sndall
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T T T T IV. RESULTS

o i

S 13- n The Ryne and DCS values from our measurements are
.g i ] shown in Tables | and Il, respectively. The sources of ex-
= 121 | perimental errors and their average values are itemized in
S - Table lll. These results are plotted and compared to other
w - . measurements in Figs. 4 and 5. Error bars are quoted to one
.E Lo~ 7 standard deviation, i.e., to within a 68% confidence limit.
% 0.9 7
R 0'8’ T R Ll ] V. COMPARISON WITH EXPERIMENT AND THEORY

0 50 100 150 200

A. Ratios

ER (eV) In Figs. 4a)—4(e) we show our measureR,. taken
FIG. 3. Relative electron detection efficien€yEg) of the ana-  from our electron-energy-loss spectra compared to the theo-
lyzer determined in absolute DCS normalization experiments. Théetical Ry e Of Ref. [6] and[7] as well as the experimental
line is an exponential fit used to interpolate the value¥ @g) in  values of Ref[12] atE;=100eV. The theory is scaled up to
this work. our results at smaW. This scaling at smaly stems from the
observation that the He DCS’s from the CCC deviate from
<50°, but deviate from the CCC at large angles. We showhe experimental values at larger scattering angles as shown
this transmission function in Fig. 3. The resulting errors fromin Fig. 2. This effect will be discussed later on in this paper.
this normalization procedure are 3% for the transmissiorin Fig. 4, general agreement &, between theory and
function and an additionak2% for the statistical errors experiment is good, yet we observe significant large-angle
compounded with cross sections used for He'$z 2 3P deviation expected. AE,=30, 40, 50, and 54.4 eV we ob-
+2 1P) and H (1=2). The reproducibility of the measure- serve that ouRy,,. values tend to fall 20—-30 % below that
ment of the H DCS'’s at the requirdsl, values was in the of the CCC. However, at 100 eV, agreement is excellent,
region of £5%, which demonstrates the stability of our ap- indicating a problem with the theoreticBl,. values at low

paratus. energies. This result is addressed in the sections following

TABLE |. Ryne Values determined from the present experiment with associated errors.

Angle (deg 30 eV Error Angle(deg 40eV Error Angle(deg 50 eV Error Angle(deg 54.4eV Error Angle(deg 100 eV Error

12 791 0.90 12 2.87 0.28 10 3.62 0.30 10 2.49 0.23 5 1.88 0.16
17 525 051 17 191 0.16 12 290 0.14 15 1.60 0.12 10 1.05 0.07
22 392 035 22 131 0.10 15 2.67 0.09 20 1.18 0.07 15 0.745 0.039
27 257 017 27 0.994 0.062 17 211 0.07 25 0.837 0.048 20 0.555 0.026
32 217 012 32 0.783 0.045 20 1.77 0.05 30 0.670 0.037 25 0.434 0.023
37 1.74 0.09 37 0.696 0.037 22 1.45 0.04 35 0.575 0.029 30 0.390 0.019
42 154 0.09 42 0.643 0.031 25 129 0.04 40 0.558 0.029 35 0.411 0.020
47 149 0.08 a7 0.588 0.029 27 1.07 0.05 45 0.460 0.021 40 0.379 0.019
52 1.44 0.07 52 0.549 0.027 32 0.859 0.038 50 0.440 0.022 45 0.343 0.016
57 145 0.08 57 0.552 0.024 37 0.739 0.034 55 0.405 0.019 50 0.322 0.015
62 132 0.07 62 0.502 0.026 42 0.718 0.034 60 0.358 0.016 55 0.246 0.010
67 129 0.07 67 0.461 0.022 a7 0.669 0.025 65 0.345 0.018 60 0.232 0.011
72 1.15 0.06 72 0.436 0.023 52 0.650 0.021 70 0.342 0.016 65 0.236  0.011
77 0.939 0.044 77 0.409 0.018 57 0.632 0.021 75 0.295 0.014 70 0.192 0.010
82 0.770 0.045 82 0.362 0.017 62 0.488 0.016 80 0.240 0.011 75 0.165 0.008
87 0.654 0.037 87 0.308 0.017 67 0.465 0.015 85 0.202 0.011 80 0.158 0.008
92 0.523 0.029 92 0.246 0.012 72 0.457 0.014 90 0.199 0.012 85 0.178 0.009
97 0.439 0.019 97 0.232 0.011 77 0.382 0.015 95 0.172  0.009 90 0.141 0.007
102 0.388 0.025 102 0.185 0.009 82 0.328 0.012 100 0.172  0.008 95 0.194 0.011
107 0.321 0.015 107 0.169 0.009 87 0.330 0.012 105 0.133 0.006 100 0.121 0.006
112 0.298 0.013 112 0.154 0.009 92 0.276 0.011 110 0.144 0.008 105 0.134 0.007
117 0.260 0.012 117 0.132 0.007 97 0.256 0.012 115 0.122  0.006 110 0.131 0.007
122 0.228 0.015 122 0.108 0.006 102 0.221 0.010 120 0.132 0.009 115 0.112 0.007
125 0.236 0.014 127 0.109 0.007 107 0.182 0.007 125 0.109 0.007 120 0.119 0.008

112 0.186 0.005 125 0.114 0.006

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?8]4-H(2 2S+ 2 2P) transitions. Numbers in
brackets denote powers of 10.

Angle Angle Angle Angle Angle
(deg 30 eV Error (deg 40 eV Error (deg 50 eV Error (deg 54.4 eV Error (deg 100 eV Error

12 1.35[-16] 2.3[-17] 12 1.26[-16] 2.0[-17] 10 1.76[—-16] 3.0[-17] 10 1.78[-16] 2.2[-17] 5 556[—16] 8.6[—17]
17  6.08-17] 9.9[-18 17 518[—17] 8.1[-18] 12 1.16[-16] 1.8[-17] 15 6.10[-17] 6.7[-18] 10 1.19[-16] 1.7[-17]
22 3.11[-17] 4.9[-18] 22 225[-17] 3.4[-18] 15 7.44[-17) 1.1[-17] 20 2.30[-17] 2.3[-18] 15 3.19[-17] 4.4[-18]
25 2.07[-17] 2.5[-18] 25 151[-17] 1.8[-18] 17 4.52[-17] 6.9[—-18 25 8.39[-18] 6.6[—19] 20 8.94[—18] 1.2[—18]
27  1.37[-17] 2.0[-18 27 101[-17] 15[-18] 20 2.68[-17] 4.1[-18 30 3.59[-18] 3.5[—19] 25 2.60[—18] 3.6[—19]
32 7.99-18] 1.1[-18] 32 4.97[-18] 7.1[-19] 22 1.75[-17] 2.7[-18] 35 1.77[-18] 1.7[-19] 30 1.07[-18] 1.5[-19
37 4.35[-18] 6.1[-19] 37 287[-18] 4.0[-19] 25 1.12[-17] 1.6[-18] 40 1.09[-18] 1.0[-19] 35 6.51[—19] 8.9[—20]
42 2.75[-18] 3.9[-19] 42 1.91[-18] 2.6[-19] 27 7.44[-18] 1.2[-18] 45 6.51[—19] 59[—20] 40 3.78[—19] 5.2[—20]
47 2.16[-18] 3.0[-19] 47 1.37[-18] 1.9[-19] 32 3.60[-18] 5.6[-19] 50 502[—19] 4.7[-20] 45 2.42[-19] 3.3[-20]
52 1.71[-18] 2.4[-19] 52 1.08[-18] 1.5[-19] 37 1.97(-18] 3.1[-19] 55 4.02[-19] 3.7[-20] 50 1.84[-19] 2.5[—20]
57 1.51[-18] 2.1[-19] 57 9.60[—19] 1.3[-19] 42 1.29[-18] 2.0[—-19] 60 3.21[-19] 2.9[-20] 55 1.21[—19] 1.6[—20]
62 1.26[-18] 1.8[-19] 62 7.90[—19] 1.1[-19] 47 8.82[-19] 1.4[-19] 65 2.84[-19] 2.7[-20] 60 9.98[—20] 1.4[—20]
67 1.19[-18] 1.7[-19] 67 6.67[-19] 9.2[-20] 52 7.15[-19] 1.1[-19] 70 2.59[-19] 2.4[-20] 65 8.97[-20] 1.2[—20]
72 1.07[-18] 15[-19] 72 596[—19] 8.4[-20] 57 6.13[-19] 9.4[-20] 75 2.05[-19] 1.9[-20] 70 6.39[—20] 8.9[—21]
77 9.14[-19] 1.3[-19] 77 529[-19] 7.3[-20] 62 4.26[-19] 6.6[—20] 80 154[-19] 1.4[-20] 75 4.89[—20] 6.8[—21]
82 7.92[-19] 1.1[-19] 82 457[-19] 6.3[-20] 67 3.70[-19] 5.7[-20] 85 121[-19] 1.1[-20] 80 4.18[—20] 5.8[—21]
87 7.20[-19] 1.0[-19] 87 3.90[—19] 55[-20] 72 3.38[-19] 5.2[-20] 90 1.13[-19] 1.1[-20] 85 4.06[—20] 5.6[—21]
92  6.09[-19] 86[-20] 92 3.12[—19] 4.3[-20] 77 2.65[-19] 4.1[-20] 95 9.37[-20] 8.8[-21] 90 2.78[-20] 3.8[-21]
97 5.44[-19] 7.5[-20] 97 2.99[—19] 4.1[-20] 82 2.16[—-19] 3.3[-20] 100 9.09[—20] 8.4[—21] 95 3.48[—20] 4.9[—21]
102 5.10[-19] 7.4[-20] 102 2.44[-19] 3.4[-20] 87 2.08[—19] 3.2[—20] 105 6.93[-20] 6.4[-21] 100 1.98/—20] 2.8[—21]
107  4.45[-19] 6.2[-20] 107 229(-19] 3.2[-20] 92 1.68[—19] 2.6[—20] 110 7.40[-20] 7.0[-21] 105 2.07[-20] 2.9[-21]
112 4.40[-19] 6.0[-20] 112 217[-19] 3.1[-20] 97 152[-19] 2.4[-20] 115 6.18(-20] 5.7[-21] 110 1.87[-20] 2.6[—21]
117  4.06[—-19] 5.6[-20] 117 1.93-19] 2.7[-20] 102 1.29[-19] 2.0[—20] 120 6.57[—20] 6.7[-21] 115 1.42[—20] 2.0[—21]
122 3.79-19] 5.5[-20] 122 165-19] 2.3[-20] 107 1.04[-19] 1.6[—20] 125 5.35-20] 5.5[-21] 120 1.40[—20] 2.0[—21]
125  4.10[-19] 5.9[-20] 127 1.69-19] 2.4[-20] 112 1.06[—19] 1.6[—20] 125  1.21[-20] 1.7[-21]

117  8.52[—20] 1.3[—20]

122 8.87[—20] 1.4[-20]

125  8.48[—20] 1.3[—20]

this one. Comparison &,= 100 eV with theR,c values of ~ complete range ob and has thus been omitted for the sake
Doering and Vaughafi12] (which have larger error bars, ©f duplicity and clarity in the plots.
+15%, and show considerable scaltsfiows that their mea- At Eo=30eV[Fig. 5a)], we observe excellent agreement
surements are in reasonable agreement with ours at smafith the CCC as demonstrated byraduced-chi-squared
angles. However, theRyy . at #=90° and 120° are over an ©Of 0.34. The reason for this “overestimation” is due to the
order of magnitude larger than the present measurements. fact that the normalization shifts the entire relative curve
(+9.5%), and so each data point is not independently
+15.5% in uncertainty. Comparison with the DWBAS]
shows that the DWBA is clearly in disagreement with the
In Figs. 5a)—5(e), we plot our DCS’s in comparison to present results by as much as 60% at large angles, i.e., well
the CCCJ[6] and the distorted-wavéDW) calculations of outside of the error bars. However, the DWBA is an
Madison [26]. At Eq=100eV there also exists a 17-state intermediate-to high-enerdy, theory, and is not expected to
close-coupling calculation of Wanet al. [28], which is in  be reliable at thiE,. In Figs. Gb) and 5c) the agreement
excellent agreement with the CCC at less than 2% across thweith the CCC remains excellent, and there is better agree-

B. DCS’s

TABLE Ill. Summary of % errors encountered in this experimé@rtors are 1 standard deviation, or 68% confidence ljmits

Eq Statistical Gas beam Background He Ratio Relative Trans. Norm. Total

(eV) and fitting stability fraction standard error DCS error error error error
30 1.6 3.0 4.1 5 6.0 9.5 3.0 13.8 15.6
40 2.0 25 25 5 4.1 7.6 3.0 14.9 16.2
50 2.3 25 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 25 1.7 9 5.4 11.1 3.0 12.1 15.5
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FIG. 4. (a)—(e) Plots of Rype
values(Table ) determined from
the present experimef®). For a
discussion of errors see text, and
for a summary of errors see Table
lll. In all cases, comparison with
the results of the CCG—), us-
ing Refs[6] and[7], is made. The
experimentaRyyy. of Ref.[12] at
E,=100eV(A) are also shown.

creases, falling lower by as much as 40%9at120°. The

He DCS'’s for then=2 levels were not available. In conse- lower values of our results possibly indicate that the CCC

guence we have normalized oRf,. values to the CCC for

DCS's for He 1=2) may be low at larg®, a fact which is

He, as discussed earlier. We note very good agreement witllustrated in Fig. 2, where it is compared to experimgste

the CCC at smalb, but this agreement gets worse @-

012701-8
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FIG. 5. (a)—(e) Absolute elec-
tron impact DCS's for excitation
of the H(12S)—H(2 2S+2 ?P)
transitions determined from this
work (O) compared to the present
CCC (—) [6] and DWBA (---)
[26]. At E;=54.4 and 100 eV the
experimental DCS’s of Refl11]
(X) and[12] (A) are also shown.
See text  for discussion.
Note: The 54.4 eV DCS's are
obtained via calibration with a
theoretical standarfi7]. See text
for discussion.
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infer that the CCC may possibly not have converged for (i) They open up possibilities for measuring accurate in-
electron-He DCS's as it has for H. We also observe that thelastic (and possibly elastjcDCS’s using the CCC Hr{
absolute DCS’s of Williams and Willigl1] are in disagree- =2) as a calibration standard. We are considering imple-
ment with the CCC, but in excellent agreement with thementing this method to measure absolute DCS’s for other
DWBA. At E;=100eV, where we have calibrated our dataatomic(e.g., Ne and Arand dissociatable molecular targets
to experimental He DCS'@s atEy=30, 40, and 50 e/ we (e g, N, CO, O,, and HO). The molecular targets will be
observe excellent agreement between the present DCS’s aggyed with the H atoms in a baffled post-discharge region
the CCC. We observg; values of 0.61 with the CCC and pefore exiting the gas needle. The H calibration standard will
1.14 for the DWBA. However, even at this level of close- o especially useful at values beldy=21eV, where He

ness, we can still discriminate between the better agreemefg|asic standards cannot be applied. We are also consider-
of the CCC and the DWBA with the present DCS'’s. We notej, schemes by which absolute DCS's could be determined

that at smallg, the DWBA and the CCC are in excellent | = . . . . . .
) L . using this method in conjunction with the relative flow tech-
agreement with each other, within 10% uncertainty. Com- g :

parison with the available DCS measurements of WiIIiamsBIque [29]f,'|but _mt[hm;]t tf}g restriction .gfl'lfnovalng ths gas
and Willis [11] and Doering and Vaughai2] at 100 eV yeam profiies. This should open POSS' Hlities for making re-
shows that their DCS level at large scattering angles anHab!_e an(_j accurate |n_ela_st|c DCS's.
apart from being sparse fall in disagreement with both theo- (if) This work also indicates th‘?‘t the CCC may not have
fies. The DCS’s measurements of Doering and Vaughah converged for eIe_ctron-He scattering. Our experiments show
rise considerably more steeply at the large scattering angle¥1at there are major disagreements between the CCC for He
and disagree with both the Williams and Wil[i1] and the ~a@nd existing experimental DCS's é&t-60°. Comparison be-
present values by as much as an order of magnitude. TH&een the CCG6,7] with our Ry values as well as with
small-angle DCS’s of Doering and Vaughpt?] are, how-  €Xisting experimental absolute Ha<2) DCS’s shows that
ever, in good agreement with the present measurements. the CCC may not have converged for He at large scattering
angles. Very recentlyduring the writing of this paper Cu-
VI. CONCLUSIONS bric et al. [30] pointed out this large-angle disagreement
between the CCC and experiments in He for
In conclusion, using a high intensity and stable source ofjg2 352 15 2 3p), although these measurements were nor-
H, we have measured accurate relative DCS's for electrofglized to the HE 1p) DCS's from the CCC itself. Such
impact excitation of the £22S+22P) level from the opservations suggest that a detailed study of precision rela-
ground state. Our experiment uses the method of mixturegye or absolute He DCS's will be very useful in pointing out
with the calibration of our Hm=2) scattered electron inten- where the CCC theory may need to be refined for He as a

sities using available inelastic DCS standards in He. Thealibration DCS standard. This investigation is currently on-
DCS's results have error bars which average 7.5-1€%a-  going in our laboratory.

tive) and 15.5-16 %(absolut¢ and show that the CCC
theory is very accurate for the electron-H scattering problem.
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