PHYSICAL REVIEW A 69, 022710 (2004
Low-energy electron scattering from atomic hydrogen. Il. Elastic and inelastic scattering

K. E. James, Jr., J. G. Childers, and M. A. Khakoo
Department of Physics, California State University, Fullerton, California 92834, USA
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We present measurements of differential cross sections for elastic electron scattering from atomic hydrogen
at 20 eV and 40 eV incident electron energies and ratios of differential cross sections for electron-impact
excitation of atomic hydrogen to the=2, 3, and 4 levels at incident electron energies of 14.6 eV, 15.6 eV,
17.6 eV, 20 eV, 25 eV, and 40 eV with scattering angles ranging from 10° to 130°. We compare our results to
available experimental measurements and recent convergent close-coupling calculations. Our results resolve
significant discrepancies that existed between theory and past experiments.

DOI: 10.1103/PhysRevA.69.022710 PACS nuntber34.80.Bm, 34.80.Dp

[. INTRODUCTION ments with the CCC methofl1] especially atE, values
below 40 eV. This could be due to a problem in the determi-
In this paper we present additional measurements thatation of cascade processes in the experimental results or to
were taken during and after the measurements of the doubf breakdown in the parallelism of their electron beam at low
differential cross sectiofDDCS) for electron-impact ioniza- incident energies leading to a lack of definition of the quan-
sented in the previous papft], henceforth referred to as I. the Lymang emission of H as a function d&,, and their
The present work consists of the following additional mea-"€Sults show quite good agreement with the CCC method

surements regarding electron scattering from atomic hydro@Ver the entire energy range measured including the range
gen. Ey<<40 eV. These polarization measurements, however, are

(1) Differential cross-section ratios for excitation of the nlot differendtit?l Wm} éesfpect to the scattering anglej of thhe
: electron. Additional definitive measurements regarding the

n=2, 3, and 4 levels of H from the ground stafe discussed o
in I, the electron-impact excitatior? of the=2 level of H excitation of Hn=3 are therefore presently necessary. The

. ) . urpose of this work is to extend our earlierr4=2 mea-
was determined experimentally by Khakeoal. [2] [using Eurgments to Hh=3 and 4 by measuring relative DCS ratios

He n=2 differential cross sectiondbCS’s) as a standaid between the Hh=2_ 3. and 4 levels.

Grafeet al. [3] (using H, elastic DCSs as a standgydénd (2) Relative differential cross sections for low-energy
Williams [4] (using He elastic DCS's as a standatd be  g|astic electron scattering from HPresently there exists a
accurately describe@vithin experimental errojsby the con-  sjgnificant disagreement between the elastid scattering
vergent close-couplingCCC) method of Bray and Stelbov- pCSs of Williams[13] and Shyn and Ch§14], Shyn and

ics [5] and Bray[6]. Grafe et al. [3] note that at 20 eV Grafe[15]. Whereas the DCS's of Williams show very good
impact energy Eo) and large scattering angle®)( their  agreement with the CCC method, those of Shyn and Cho
measurements were higher than those of Williddls This  [14] and Shyn and Grafgl5] deviate from the CCC method
could possibly be due to the fact that their elastic scatteringt large scattering angles—e.g., B§=20 eV. In fact, at
measurements, which were used to normalize their inelastiEy=20 eV and 40 eV, the disagreement between Shyn and
DCS’s, also show raised backscatter. Agreement between tgrafe [15] and the CCC method is significantly large. This
CCC andn=2 Lyman« emission measurements of Jamesdiscrepancy is interesting especially B§=40 eV because

et al. [7] is excellent. However, it is not clear if the CCC our previous measurements of the DCS'’s for excitation of the

method adequately describes the excitation ofrthe8 and ~ H n=2 level [2] were found to be in excellent agreement
n=4 levels of H as accurately as the=2 level. The limited with the CCC method at this and all other incident energies

DCS measurements by Sweeneyal. [8] of the electron- from 30 eV to 100 eV. ,
impact excitation of then=3 andn=4 levels, taken aE, The above two areas of discrepancy thus need to be re-

=20 eV and 30 eV, show good agreement with the CCC’solved from an experimental standpoint. The present mea-
method. but these measurements were normalized to thejHréments address this discrepancy. Our present results are
eH elaétic DCS's which show backscattering probleisse ased on the excellent agreement between the CCC and ear-

(2) below] when compared to the CCC method. Early rnea_Iier measurements from Khakaet al. [2] of the DCS's for

surements of the cross sections for the excitation of the int"€ Hn=2 excitation with relative DCS errors below 10% in

dividualn=23 sublevels by Mahaat al.[9] show, within the most cases. Similar agreement has been seen between the
considerable scatter of the results, reasonable agreement w C and othe_r experiment measurements of the+2

the CCC methodl10]. More recent experimental results em- CS at Iewer incident energigd,6]. We thu_s use the Hh
ploying emission measurements for the excitation of the =2 DCS’s from the CCC method as our calibration standard.
n=3 level were made by Kedzierski al. [11] and James
et al.[12]. In the measurements of Kedzierstial.[11] the
polarization of the Balmet: emission of H was observed as  Our experimental setup has already been described in I.
a function ofEy. Their data revealed significant disagree- Our experimental technique differs from those of the previ-

Il. EXPERIMENTAL METHOD
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FIG. 1. Electron energy loss spectra of H obtained after the application of the background subtraction procedures desdped in I.
spectrum of then=2, 3, and partially resolved=4 features. The upper spectrum is offset and multiplied by a factor of 5. The line is the
unfolding fit to the spectrumb) A spectrum of the elastic scattering feature andrtke2, 3 and partially resolved=4 features. See text
for added discussion.

TABLE I. Rg,, Ry, and relative elastic DCS’s for electron scattering from H at various valuds,adnd 6. Estimated average
uncertaintiegone standard deviatiprare given at bottom of the columns. See text for discussion.

R3» R4 Elastic rel. DCS
Eq 146 eV 156eV 17.6eV 20eV 25eV 40eV 146eV 156eV 17.6eV 20eV 25eV 40eV 20eV 40eV
0 (deg
10 0.164 0.046
12 0.164 0.190 0.057 0.067
12.5 0.162 0.058
145 0.164 0.051
15 0.151 0.160 0.157 0.166 0.198 0.061 0.052 0.057 0.058 0.067 1.592
17 0.185 0.059
17.5 0.169 0.055
20 0.164 0.172 0.180 0.200 0.188 0.224 0.054 0.059 0.057 0.075 0.073 0.081 0.962 0.902
24 0.251 0.098
25 0.176 0.193 0.180 0.068 0.069 0.074
27 0.227 0.088
30 0.204 0.205 0.216 0.226 0.215 0.264 0.077 0.075 0.080 0.081 0.080 0.106 0.600 0.412
37 0.237 0.086
40 0.243 0.237 0.226 0.260 0.259 0.101 0.087 0.100 0.102 0.094 0.355 0.270
50 0.287 0.256 0.106 0.089 0.301 0.204
57 0.238 0.096
60 0.242 0.237 0.242 0.276 0.238 0.277 0.089 0.092 0.095 0.128 0.076 0.107 0.216 0.156
70 0.269 0.269 0.098 0.113 0.183 0.098
80 0.260 0.082 0.127 0.068
87 0.292 0.090
90 0.198 0.235 0.239 0.263 0.281 0.266 0.054 0.083 0.095 0.110 0.123 0.108 0.103 0.048
100 0.286 0.141 0.083 0.046
105 0.311 0.113 0.083
110 0.190 0.253 0.282 0.325 0.251 0.281 0.063 0.122 0.122 0.131 0.172 0.113 0.070 0.034
115 0.212 0.066 0.065
117 0.244 0.119
120 0.281 0.310 0.303 0.289 0.138 0.148 0.126 0.118 0.067 0.029
125 0.318 0.348 0.133 0.134 0.058
127 0.232 0.078
130 0.343 0.281 0.147 0.121 0.060 0.027
134 0.062
% error 10 8.9 7.8 8.7 8.5 7.5 18.5 17.5 14.2 134 187 141 125 14.5
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FIG. 2. Ry, for H at (a) Eg=14.6 eV, (b) E;=15.6 eV, (c) E,=17.6 eV, (d) E;=20 eV, (e) E;=25 eV, and(f) E;=40 eV. Legend:
@ present work/A Sweeneyet al. [8], solid lines CCJ5,6]. Error bars constitute one standard deviation of uncertainty.

ous measurements because no recourse to the use of massresponding DCS’s. We note that because the He transmis-
spectrometers is made. Improved measurements of the scaion correction did not cover the elastic scattering peak, this
tered electron backgrounds are made using a movable targetmained as a relative DCS but was normalized to the pre-
source as described in I. Using this setup, we measured elegious DCS’s(experimental and theoretigadt small§ where

tron energy loss spectra which included the elastic and H the agreement between these data is excellent. The H
=2, 3, and 4 separated features. These spectra were mea2, 3, and 4 intensities were determined by fitting these
sured by taking energy loss spectra with the H discharge ofeatures with an instrumental profile derived from a multi-
and modulating the H target needle source to and from th&aussian determination of therH=2 featurg 16]. A typical
collision region, and then repeating the measurements withigh-resolution unfolded spectrum is shown in Figa)1A

the H discharge off. The subtraction procedures to determingypical spectrum that includes the elastic feature is shown in
the gas-related-H scattering energy loss spectra have al-Fig. 1(b). In a few of the spectra we note the presence of tiny
ready been detailed in I. These spectra were corrected for tHeatures that add small systematic errors—e.g., counts be-
analyzer transmission efficiency using He as described in kween then=3 andn=4 features in Fig. (a). We estimated
and the resulting areas under the peaks were related to tlleese features to add in the region-0fl0% to the overall

022710-3



JAMES, CHILDERS, AND KHAKOO PHYSICAL REVIEW AB9, 022710 (2004

2 - (@) 2 ol . (b)—_
£ 0.13 Atomic Hydrogen =2 L Atomic Hydrogen ]
5 I 14.6eV 3 - 15.6eV
£ o £ [
I;IT i ﬁ 02 -
1 009 7 = L
1 1
s =]
3 0.07 T i) I
s il S 008 .
& & r
» 005 - % r
2 a L ]
003|I|AIA|I|\|III|IIIIIIIIIIA 0.04 | PRI NTRRTURY NSRS N SRNYH W N ST N N RS
o 20 40 60 80 100 120 140 o 20 40 60 80 100 120 140
Scattering Angle (deg) Scattering Angle (deg)
r L B BN B B B A 0.2')*”(1""”"””"”" ........ T
.*2 C Atomic Hydrogen ©] % r @ Atomic Hydrogen
3 L 17.6eV - ] 3 L
g Msp 2 oask
™ ® =}
5 E 0 {
) - ) C
% 0.10 - b g 010 -
i | Lo
) r 2 5 }
3 05 7] 3 - % 7
& O & 0.05
g | g
=] L i = i ]
000 b L L b PPV I AN W PN I PN B
0 20 40 60 30 100 120 140 0 20 40 60 80 100 120 140 160
Scattering Angle (de Scattering Angle (deg)
£ Ang 4 g Ang t4
(171 i B B L L A LR L e o e e o e e I e
% N Atomic Hydrogen © ] *E Atomic Hydrogen @
s = 25e¢V 3 - 40eV
g 0.16 :- T g
F o[ . =
1l 1l
= r =
2 r 2
E=} - -
& 008 { . ]
wn w
&) C Q
a B a B
034' ot A PN IR PRSI BRI S AR 7Y U SN I RN B RV B
20 40 60 8 100 120 140 o 20 40 60 80 100 120 140
Scattering Angle (deg) Scattering Angle (deg)
g Ahg g

FIG. 3. Ry, for H at (a) Eq=14.6 eV, (b) E;=15.6 eV, (c) E,=17.6 eV, (d) E;=20 eV, (e) E;=25 eV, and(f) E;=40 eV. Legend:
@ present work/A Sweeneyet al. [8], solid lines CCJ5,6]. Error bars constitute one standard deviation of uncertainty.

uncertainty. We also note that the unfolding of thenH 4 in Table | and plotted in Figs. 2—5 for comparison with other
feature is significantly more error prone since it is partially work.
overlapped by then>4 levels. We have fitted our spectra
with n up to 20 in an effort to account for this overlap, but
the results of the unfolding for this level still suffer from an ll. RESULTS AND DISCUSSION
increased uncertainty.

Typical uncertainties in the analysis of the spectra include
a 5%—10% transmission err@epending orE, and the dif- Figures 2a)-2(f) show our DCS ratios for the H(
ference in energy loss values of the transitions involved =3)/H(n=2) features R3,). Figures 8a)—3(f) show our
nominal 6% error due to uncertainties in the subtraction paDCS ratios for the Hi=4)/H(n=2) features R,). Typical
rameters, and 2%—3%, propagated statistical errors after trggrors forRs, are in the region of 7%—-10% and By, in the
subtraction of the discharge on and off spectra. The presemegion of 14%—-19%. Clearly thR3, show excellent agree-
results are tabulated, graphed, and compared to existing therent with the CCC method at moBt, and ¢ of this work.
oretical and experimental DCS’s. Our results are summarizedhere is disagreement in a few regions, notably at |arge

A. Inelastic scattering results
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FIG. 4. DCS’s for the electron-impact excitation of the=3 andn=4 levels of H at(a) E,=14.6 eV, (b) E;=15.6 eV, (c) E,
=17.6 eV,(d) E;=20 eV, (e) E;=25 eV, and(f) E,=40 eV. Legend® present work i=3), A present work (=4), O (n=3), and
X (n=4) absolute DCS's of Sweeney al.[8] atE;=20 eV, solid lines (=3), and dashed linesx&4) CCC[5,6]. Error bars constitute
one standard deviation of uncertainty.
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FIG. 5. Relative elastic DCS’s for electron scattering from KaaE,= 20 eV and(b) E,=40 eV. Legend® present workA Williams
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Eo=25eV [Fig. 2e)] and at #=60° and 70° atE, and Williams for all¢ of this work and do not reproduce the
=40 eV [Fig. 2f)]. At E,=40 eV we suspect thaR;, Mmore backward-peaked scattering profile seen in the results
should not show the modulating variation displayed in thedf Shyn and Chq14]. At 40 eV, Fig. 3b), we see that our
CCC method but should instead be smoother. Comparison ¢1CS'S are again in good agreement VY'th the CCC method
the Ry, at Eo=20 eV with the results of Sweenet al. [8] but are in disagreement with the DCS’s of Shyn and Grafe

; ; 15] by at least three standard deviations arousd
[Fig. 2(d)] shows reasonably good agreement with the excep[_ R . : .
tion of the region aroundi=60° where theirRs, values =60°-100°. We have not measured elastic DCS's at other

show a large dip that is in disagreement with our results anJ:FCident energies because the present results clearly demon-
the CCC method. Likewise, otR,, is in good agreement Strate that the CCC method obtains excellent values for the
. ' 42

: DCS'’s for elastic scattering from H. This is in disagreement
with the CCC method at mo&, and 4, although there are . ;
again a few areas of small digagreement sugh as large with the observat!ons of Shyn _a.nd Cpp4] and Shyn and
E,=14.6 eV and 15.6 eYFigs. 3a) and 3b)]. Comparison Grafe [15] regarding the reliability of the CCC DCS's at
of the Ry, at E;=20 eV with the results of Sweenest al. large 6.
[8] [Fig. 3(d)] again shows good agreement with the excep-
tion of the region around=60°.

We then converted ouRz, andRy; values to Hn=3 and We have presented new measurements of the DCS's for
n=4 DCS’s using the accurate CCC =2 DCS’s as a electron scattering from H for both elastic and inelastic pro-
calibration standard. The agreement between our results ar@sses. The singly differential cross sections presented in this
both CCC and the measurements of Sweeeegl. [8] is  paper coupled with the doubly differential cross sections pre-
very good at alE, values as shown in Figs(a@—4(f). How-  sented in I, all measured using the movable target H source,
ever, we note that ouRz, and Ry, results offer a more strin-  provide a significant improvement in the experimental pic-
gent test of the CCC method since we are comparing tweure regarding electron scattering from H. These results show
independent scattering channels. The present agreement iery good agreement with the CCC method for all differen-
dicates that the CCC method has largely converged and thghl electron scattering processes from atomic hydrogen over

small discrepancies such as that displayed in Fi{f). €n  a wide range of incident electron energies and scattering
perhaps be resolved by including more channels in the CC@ngles.

calculation.

IV. CONCLUSIONS

ACKNOWLEDGMENTS

B. Elastic scattering results The present work was funded by the National Science

Figures %a) and 3b) show our relative elastic DCS’s Foundation under Grant No. NSF-RUI-PHY-0096808. The
compared to the CCC methd®,6] and the experimental authors acknowledge Dr. Igor Bray for sending us CCC
DCS's of Williams[13] and Shyn and Ch¢14] at 20 eV  DCS’s in text form. We also thank Mark Hughes and
[Fig. 5@)] and to Shyn and Grafl5] at 40 eV[Fig. 5b)]. Michael Kanik for preliminary work on the movable source.
Our relative DCS’s are normalized to the absolute DCS'sWe also acknowledge J. MeyéUniversity of California,
about#=20°. We note that in Fig.(®) our relative DCS’s Irvine, glass-blowing shopfor providing the discharge
are in very good agreement with those of the CCC methodubes.

[1] J.G. Childers, K.E. James, Jr., |. Bray, M. Baertschy, and M. A. [9] A.H. Mahan, A. Gallagher, and S.J. Smith, Phys. Red3\

Khakoo, preceding paper, Phys. Rev68, 022709(2004). 156 (1976.

[2] M.A. Khakoo, M. Larsen, B. Paolini, X. Guo, I. Bray, A. Stel- [10] J.W. McConkeyCorrelations, Polarization, and lonization in
bovics, I. Kanik, S. Trajmar, and G.K. James, Phys. Re§1A Atomic systemsedited by Don Madison and Michael Schulz,
012701(1999. AIP Conf. Proc. No. 604AIP, Melville, NY, 2002, p. 184.

[3] A. Grafe, C.J. Sweeney, and T.W. Shyn, Phys. ReV63  [11] W. Kedzierski, A. Abdellatif, J.W. McConkey, K. Bartschat,
052715(2002). D.V. Fursa, and |. Bray, J. Phys. B, 3367 (2001).

[4] J.F. williams, J. Phys. B, 1519(1976. [12] G.K. James, D. Dziczek, J.A. Slevin, and |. Bray, Phys. Rev. A

[5]1. Bray anq A Stelbovicg P'hys. Rev.46, 6995(1992. 66, 042710(2002.

[6] 1. Bray (private communication [13] J.F. Williams, J. Phys. B, 2191(1975.

[7] G.K. James, J.A. Slevin, D.E. Shemansky, J.W. McConkey, |

) ! . 114] T.W. Shyn and S.Y. Cho, Phys. Rev.4®, 1315(1989.
Bray, D. Dziczek, I. Kanik, and J.M. Ajello, Phys. Rev.55,

[15] T.W. Shyn and A. Grafe, Phys. Rev.46, 2949(1992.

8] éofg(sl\/i)SZHey A. Grafe, and TW. Shyn, Phys. Re\64 [16] M.A. Khakoo, C.E. Beckmann, S. Trajmar, and G. Csanak, J.
052'704(20()]).' ’ ' o ' ' ' Phys. B27, 3159(1994).

022710-6



